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1.  Designation.  The  attached  copy  of  Air  Force  Surveys  in  Geophysics, 
No.  126,  June  I960,  entitled  "Notes  on  the  Meteorology  of  the  Tropical 
Pacific  and  Southeast  Asia,"  is  hereby  designated  as  AWSM  105-48,  Volume  II. 

2.  Purpose  and  Scope.  This  volume  provides  AWS  personnel  with  in¬ 
formation  and  guidance  on  certain  phases  of  the  descriptive  meteorology  and 
synoptic  climatology  of  the  tropical  Pacific  and  southeast  Asia,  including 
sections  on  tropical  cloud  physics,  local  effects,  and  weather  reconnaissance. 
As  such,  it  supplements  the  material  covered  in  Volume  I.  This  volume  is 
applicable  to  all  AWS  forecasting  activities. 
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FOR K WORD 


Shortly  after  Contract  AF  19(G04)-1042  was  negotiated,  Air 
Weather  Service,  Air  Force  Cambridge  Research  Center  and  the 
University  of  Hawaii  agreed  to  include  meteorology  instruction  in  the 
contract,  with  the  aim  of  intensively  training  Air  Force  meteorologists 
in  the  meteoulogy  of  the  tropical  Pacific  and  southeast  Asia.  The 
courses  which  were  given  at  irregular  intervals  and  lasted  six  weeks, 
consisted  chiefly  of  laboratory  work,  supplemented  by  lectures,  and 
depended  heavily  on  material  developed  earlier  in  similar  courses  by 
Professor  C.  E.  Palmer  and  his  associates.  "The  Practical  Aspect  of 
Tropical  Meteorology,  "  written  by  the  Palmer  group  and  used  as  a  text 
has  served  admirably  except  that  in  largely  concentrating  on  the  central 
Pacific  it  makes  only  sketchy  references  to  the  important  typhoon  and 
monsoon  problems  of  the  western  Pacific  and  southeast  A.sia. 

Although  additional  lectures,  new  laboratory  series  and 
lengthening  the  courses  to  eight  weeks  have  contributed  to  remedy  the 
deficiency,  printed  material  has  been  so  widely  scattered  that  students 
have  had  to  depend  on  note  talcing,  a  difficult  task  considering  the  con¬ 
centrated  nature  of  the  instruction. 

Now  that  the  Air  Force  Institute  of  Technology  has  contracted 
for  four  eight-week  courses  in  Advanced  Tropical  Meteorology  to  be 
given  annually  to  Department  of  Defense,  Weather  Bureau  and  Southeast 
A.sia  Treaty  Organization  meteorologists,  it  becomes  imperative  to 
supplement  "The  Practical  A.spect  of  Tropical  Meteorology"  with  addi 
tional  printed  course  material.  To  this  end,  copies  of  Contract 
scientific  reports  2,  3  and  4  are  distributed  to  each  student,  and  typhoon 
reports  embodying  the  most  recent  information  and  theories  are  being 
compiled.  A  gap  remains,  in  the  areas  of  descriptive  and  synoptic 
climatology  of  the  Pacific  and  southeast  Asia,  tropical  cloud  physics, 
local  effects,  and  weather  reconnaissance.  The  present  report  is  de¬ 
signed  to  fill  the  gap,  but  only  temporarily,  since  a  definitive  publication 
must  await  more  original  research.  Thus  the  report  should  be 
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considered  as  merely  interim  and  likely  to  be  amended,  expanded  or 
superseded  by  future  investigation. 

During  the  past  three  years,  Air  Weather  Service  officers 
seconded  to  the  Meteorology  Division  have  been  responsible  for  all 
laboratory  instruction  in  the  Advanced  Tropical  Meteorology  courses 
and  for  some  of  the  lectures.  Major  James  C.  Sadler,  Captain  Forrest 
It.  Miller  and  Captain  Leighton  E.  Worthley  developed  much  of  the 
material  used  in  Chapters  1,  2,  5,  and  9.  The  present  instructors, 
Captain  Carl  J.  Wiederanders  and  Mr,  Montie  M.  Orgill  were  respon¬ 
sible  for  Chapters  1,  3  and  5  and  Chapters  2  and  9  respectively. 

Relevant  published  papers  are  reprinted  as  appendices. 

Grateful  acknowledgment  is  made  to  Joint  Task  Force  Seven 
Meteorological  Center,  the  Japan  Meteorological  Agency,  the  Australian 
Bureau  of  Meteorology,  the  New  Zealand  Meteorological  Service  and  the 
Royal  Observatory,  Hong  Kong,  for  their  contributions  to  the  contents 
of  Chapter  3;  to  Dr.  David  I.  Blumenstock  for  Eniwetok  micrometeoro- 
logical  data;  to  Lt.  Colonel  Frank  E.  McCreary  for  opinions  and  advice 
on  upper  wind  forecast  techniques;  to  the  Hickam  Air  Force  Base 
Photographic  Laboratory  for  reducing  the  diagrams  to  a  standard  size; 
and  to  the  Clarendon  Press  for  permission  to  draw  on  the  excellent 
text,  "The  Physics  of  Clouds"  by  B.  J.  Mason,  for  much  of  the  material 
in  Chapter  7. 
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This  report  is  designed  to  supplement  other  texts  on  tropical 
meteorology.  It  makes  use  of  new  observational  material  and  accords 
the  synoptic  features  of  the  monsoons  more  attention  than  they  have  re¬ 
ceived  in  the  past. 

Hints  on  analysis,  and  the  uses  of  auxiliary  charts  and  continu¬ 
ity  are  followed  by  a  chapter  on  the  physical  geography  of  the  Pacific 
and  a  gazetteer  describing  the  locations  and  environments  of  observing 
stations.  Chapter  3  tabulates  monthly  mean  resultant  winds,  steadiness 
and  other  derived  data  at  standard  pressure  levels  for  34  sounding 
stations.  Chapter  4  which  broadly  considers  the  climatology  of  the 
region,  leads  to  more  detailed  discussions  of  the  synoptic  climatology 
of  the  tropospheric  field  of  motion  in  the  central  Pacific  (Chapter  5)  and 
of  the  synoptic  climatology  of  the  China  Seas  and  southeast  Asia  (Chapter 
6).  Appendices  amplify  the  topics  covered  in  this  chapter.  The  final 
chapters  are  devoted  to  tropical  cloud  physics,  local  effects  and  aerial 
weather  reconnaissance. 
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ANALYTICAL  HINTS,  AUXILIARY  CHARTS  AI!D  CONTINUITY 


1.  Introduction 


The  mid-latitude  forecaster  at  a  small  weather  station  has 
many  advantages  over  his  counterpart  serving  in  tropical  regions. 
He  receives  via  facsimile  complete  sets  of  analyses  and  prognostic 
charts,  which  assist  him  tremendously  in  solving  his  forecasting 
problems.  The  tropical  forecaster  generally  receives  no  such 
help  except  for  an  occasional  but  usually  inadequate  facsimile 
analysis. 

The  adjustment  from  mid-latitude  to  tropical  analysis  and 
forecasting  is  not  an  easy  one.  Many  of  the  techniques  used 
previously,  such  as  those  which  pertain  to  frontal  analysis, 
slopes  of  systems,  and  particularly,  application  of  the  geostrophic 
wind  assumption  must  be  modified  or  be  replaced  by  techniques 
which  are  applicable  to  the  tropics. 

In  the  tropics,  where  the  tendency  toward  slow  changes  makes 
a  correct  forecast,  over  a  short  time  interval,  depend  largely  on 
correct  analysis,  good  analysis  programs  are  essential.  A 
meteorologist  in  making  the  best  possible  analysis  must  constantly 
refer  to  auxiliary  and  continuity  charts. 

2.  Streamline  analysis 


The  procedures  to  be  followed  are  well  outlined  in  "The 
Practical  Aspect  of  Tropical  Meteorology"*  and  need  not  be  re¬ 
iterated  here.  There  are,  however,  additional  items  worthy  of 
mention. 

Order  of  analysis.  It  is  suggested  that  one  begin  with  the 
dominant  features  o f  the  chart,  the  subtropical  ridge  axes  of  the 
Northern  and  Southern  Hemispheres,  which  should  be  well  defined 
by  the  previous  analysis.  Next,  a  large  area  of  undisturbed  wind 
flow,  such  as  the  trade  winds,  or  a  typhoon  area  with  generally 
numerous  reconnaissance  reports  and  a  center  fix,  might  be 
analyzed. 

Certain  areas,  exemplified  by  the  Japan-Okinawa-Taiwan 
complex,  the  Marshall  Islands,  or  reconnaissance  routes,  generally 
offer  sufficient  data  for  a  good  analysis  with  a  minimum  of 
interpolation.  Since  the  objectivity  of  any  analysis  varies 
directly  with  the  density  of  the  reporting  network,  it  is  obvious 
that  analyses  made  over  maximum  data  areas  should  be  completed 
prior  to  attempting  analysis  over  minimum  data  areas  where  much 
subjective  interpolation  may  be  required. 

Suggestions  for  Improving  technique 
(a)  Look  at  the  "big  picture,"  On  each  chart  the  numerous 


"Henceforth  shortened  to  "PA." 
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flow  singularities  are  usually  organized  into  systems  of  troughs 
and  ridges,  just  as  in  mid-latitudes.  Thus  it  is  well  to  keep  in 
mind  the  over-all  pattern.  Locate  vortices  before  attempting  to 
locate  associated  neutral  points.  If  the  vortices  are  accurately 
located,  the  neutral  points  will  be  readily  found  along  the  axes 
of  troughs  and  ridges.  For  example,  in  fig  1-2,  the  10,000  ft 
streamline  chart  for  28  July  1956,  the  subtropical  ridge  axis 
extends  from  central  Japan  eastward  to  just  north  of  Weather  Ship 
"Victor,"  thence  ea s t nor thea s t war d  through  the  vortex  at  50°N 
155°W.  One  trough  line  extends  from  typhoon  Wanda  westnorth- 
westward  to  southern  China;  another  extends  from  Wake  Island 
eastnor theas tward  through  the  Midway  Island  area.  These  systems 
are  also  evident  at  20,000  ft  (fig  1-3);  in  fact  the  northeastward 
extension  of  the  Wake-Midway  trough  is  much  more  pronounced  than 
at  10,000  ft.  In  addition  a  ridge  line  extends  from  Hawaii 
westward  to  the  Marshall  Islands.  At  40,000  ft  (fig  1-4),  there 
is  no  difficulty  in  identifying  the  subtropical  ridge  axis  nor 
the  Wake-Midway  trough.  Each  trough  or  ridge  system  contains  at 
least  two  vortices  as  well  as  neutral  points. 

(b)  Do  not  draw  a  streamline  through  every  report.  This 
certainly  leads  to  a  cluttered  appearance,  prohibits  proper 
spacing  of  streamlines,  and  may  result  in  poor  analysis. 

(c)  Working  outward  from  an  anticyclonic  and  inward  toward 
a  cyclonic  center  ensures  more  rapid  and  elegant  analysis,  by 
guaranteeing  that  divergent  flow  around  anticyclones  and  convergert 
flow  around  cyclones  are  readily  and  accurately  depicted. 

In  the  absence  of  strong  evidence,  cyclonic  circulations 
should  be  analyzed  as  indrafts  and  anticyclonic  circulations  as 
outdrafts.  PA  states,  "The  experienced  analyst  will  realize  that, 
at  low  levels,  the  outdraft  is  mo.  frequently  combined  with 
anticyclonic  flow,  while  the  indraft  is  most  frequently  combined 
with  cyclonic  flow.  At  upper  levels,  however,  any  of  the 
combinations  may  appear,"  During  meteorological  operations 
supporting  the  1958  nuclear  test  in  the  Marshall  Islands,  Comman¬ 
der  D,  F.  Rex,  Lt.  Col.  F.  E.  McCreary  and  Dr.  R.  R.  Brownlee 
conducted  experiments  with  mechanical  wind  analyses  and  forecasts 
for  levels  ranging  from  10,000  to  50,000  ft.  Using  wind  observa¬ 
tions  from  more  than  30  observing  sites  an  IBM  704  computed 
east-west  and  north-south  wind  components  at  latitude-longitude 
intersections  spaced  two  degrees  apart.  This  was  done  by  the 
method  of  inverse  squares  which  weighted  the  contribution  of  each 
report  to  the  interpolated  value  at  the  grid  point  according  to 
its  proximity  to  that  point.  The  resultant  wind  at  each  grid 
point  was  then  printed  out  by  the  computer  and  the  charts  analyzed, 
It  is  significant  to  note  that  neither  anticyclonic  indrafts  nor 
cyclonic  outdrafts  could  be  detected  on  any  of  the  charts. 

Mid-tropospheric  cyclonic  outdrafts  may  develop  and  persist 
around  typhoon  cores.  Air  which  has  spiralled  in  toward  the 
center  (at  low  levels)  at  speeds  determined  by  the  low-level 
pressure  gradients,  tends  to  conserve  its  angular  momentum  as  it 
rises  within  the  core.  Since  a  typhoon  is  warm-cored,  pressure 
gradients  decrease  with  height  and  in  the  middle  troposphere  the 
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Figure  1-1 


Surface  a  t  r  e  ami  i ne  -  i  s  o  t  a  ch  analysis  for  00  GCT 
Isotacha  are  labelled  in  knots. 


F 1 gur e  1-2.  Same  as  fig  1-1  but  for  10,000  ft 


centrifugal  force  begins  to  exceed  the  pressure. gradient  force. 

The  air  ie  then  accelerated  outward  toward  higher  pressure  while 
still  rotating  cyclonlcal ly . 

(d)  Avoid  distorting  the  analysis  pattern  over  too  large  an 
area  on  the  basis  of  one  report,  without  substantiating  data.  On 
low. level  charts  of  the  trade  wind  region,  analysis  sometimes  has 
shown  a  trough  extending  more  than  1000  mi  south  of  a  reporting 
station  whose  observation  is  the  only  evidence  that  the  trough 
exists.  This  procedure  overtaxes  the  use  of  single  station 
analysis . 

(e)  Avoid  depending  too  heavily  on  the  pressure  or  contour 
analysis  to  determine  the  wind  analysis.  Despite  the  large 
deviations  of  geostrophic  from  measured  winds  in  the  tropics, 
some  analysts  unconsciously  attempt  to  follow  contours  into 
tropical  regions  when  drawing  streamlines.  Contours  with  arrow, 
heads  and  taila  at  opposite  ends  are  still  contours.  Substituting 
an  arrow  for  a  pressure-height  value  does  not  magically  convert  a 
contour  into  a  streamline. 

(f)  Remember  that  singularities  may  not  extend  through  all 
levels  of  the  troposphere.  Many  a  high-level  circulation  does 
not  penetrate  down  far  enough  to  be  detectable  in  the  streamline 
analysis  at  10,000  ft  but  may  be  reflected  aa  a  minimum  speed 
area  in  the  lsotach  analysis.  Figs  1.2  and  1.3  contain  an  example. 
At  10,000  ft  a  apead  minimum  occurs  between  10°  and  15*1!,  170°E 
and  170°W,  almost  directly  beneath  the  20,000  ft  ridge  axis. 

(g)  Beware  of  concluding  that  a  light  wind  (less  than  10  kn) 
in  evidence  of  a  singularity  in  the  vicinity.  Light  steady  flow 
la  not  uncommon  and  hence  singularities  should  not  appear  in  the 
analysis  except  where  wind  directions  vary  considerably  in  space 
or  time. 

3 .  The  tl me. section 

The  time. section  is  Invaluable  as  a  tool  for  detecting  data 
errors  in  either  transmission  or  plotting.  Table  1-1  shows  the 
19  July  1959  time. section  for  Wake  Island  during  a  period  of  deep, 
strong  trade  wind  flow.  It  is  obvious  from  a  consideration  of 
other  levels  and  other  times  that  the  700  mb  wind  of  010°  31  kn 
reported  on  the  1200  GCT  radiosonde  message  is  wrong.  Yet,  one 
analyst  blindly  accepted  it,  and  aa  a  result  his  700  mb  analysis 
was  erroneously  distorted  over  several  hundreds  of  miles  In  every 
direction  from  Wake  Island.  A  brief  glance  at  the  time-section 
could  easily  have  avoided  this  error. 

Wind  reports  should  be  accepted  as  correct  unless  there  is 
evidence  to  the  contrary.  The  time-section  is  most  likely  to 
provide  that  evidence. 

The  wind  reported  at  each  level  in  a  rawin  or  pibal  message 
is  determined  by  averaging  the  winds  through  a  layer  centered  at 
the  report  level.  This  approximation  to  a  single-level  wind 
seldom  seriously  affects  the  representativeness  of  the  reported 
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Table  1-1.  Wake 

I s land 

Time-se 

ctlon  for  19 

July  1959. 

Wind  directions 

are  in 

tens  of 

degrees  and 

wind  speeds 

in  knots. 

Height 

0000 

0600 

1200 

thousands  of  ft) 

GCT 

GCT 

GCT 

40 

0816 

0723 

35 

0721 

0816 

30 

0721 

0815 

25 

1219 

0802 

20 

1019 

0611 

18 

0918 

0816 

0713 

wind  at  700 

mb 

It 

0916 

0817 

0911 
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wind  direction.  However,  the  wind  speed,  which  may  undergo  rapid 
fluctuations  through  the  averaging  layer,  may  not  be  accurately 
represented  by  the  report.  Analytical  smoothing  of  the  lsotach 
field  la  therefore  often  needed.  In  pursuit  of  this  end,  time- 
sections,  which  depict  both  vertical  and  temporal  wind  distribu¬ 
tions,  can  be  effectively  used. 

4.  Continuity 

In  the  tropics,  circulation  systems  once  established,  tend  to 
persist,  either  remaining  quasi-stationary  as  does  the  subtropical 
ridge,  or  moving  along  fairly  steadily  as  do  typhoons.  Thus,  by 
carefully  maintaining  continuity  an  analyst  greatly  Improves  the 
quality  of  his  analyses.  Continuity  charts,  on  which  the  succes¬ 
sive  positions  of  all  circulation,  ridge,  or  trough  systems  are 
plotted,  enable  the  analyst  to  avoid  unlikely  movement  velocities. 
The  charts,  by  facilitating  extrapolation,  ensure  that  the  analyst 
can,  with  some  confidence,  track  moving  circulations  across  areas 
bare  of  observations. 

Frequently,  a  new  circulation  may  be  located.  If  it  also 
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appears  on  the  following  synoptic  chart,  it  can  be  accepted  as  in 
fact  existing,  and  not  being  a  spurious  system  reflecting  incorr ect 
or  unrepresentative  observations. 

PA  in  emphasizing  the  importance  of  "vertical'  continuity 
(pp  152-135)  points  out  that  circulations  may  best  be  located  by 
locating  the  ^enters  of  relative  vorticity  maxima  (cyclonic)  and 
minima  ( a n t 1 c y c l o n i c )  (sec  figs  1-1  to  1-4).  However,  it  is  also 
important  to  realize  that  a  circulation  which  is  vigorous  at 
40,000  ft  may  not  be  detectable  in  the  vorticity  field  at  5000  or 
10,000  ft,  whil  a  typhoon  may  well  be  overlain  by  ar  anticyclone 
in  the  high  troposphere.  Predominantly  high-level  circulations 
(cold  lows)  are  best  identified  and  followed  on  40,000  ft  charts. 
Conversely,  surface  charts  are  ideally  suited  to  the  location  and 
tracking  of  predominantly  low-level  circulations  (warm  lows,  cold 
highs).  The  circulations  oi  warm  highs  often  extend  throughout 
the  troposphere. 

Time  continuity  should  be  relatively  easy  to  maintain  on 
upper  cr  lower  tropospheric  charts.  500  mb  (20,000  ft)  charts 
however,  rather  poorly  depict  both  high-  and  low-level  circula¬ 
tions  which  cay  disconcertingly  disappear  and  reappear  as  the 
systems  weaken  or  intensify.  Continuity  can  only  be  maintained 
with  difficulty. 
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GEOGRAPHY  OF  THE  PACIFIC 


1.  introduction 


Examination  ot  a  world  ma p  reveals  that  the  Pacific  Ocean 
constitutes  the  earth's  largest  single  feature,  comprising  more 
than  one-third  of  the  earth's  suriace.  The  total  area  amounts  to 
approximately  68,634,000  mi^.  The  Pacific  Ocean  is  roughly 
elliptical  in  shape  with  the  following  boundaries: 

North  -  Bering  Straits  (56  mi  wide) 

East  -  Coasts  of  North,  Central  aid  South  America 
West  -  Asia,  Indonesia,  New  Guinea  and  Australia 
South  -  Antarctica 

The  Pacific  extends  approximately  10,540  mi  along  the  equator 
and  roughly  the  same  distance  north-south.  It  is  the  deepest 
ocean  (35,960  ft  in  the  Marianas  Trench),  and  has  an  average 
depth  of  14 , 000  f  t  . 

Excluding  Australia,  only  a  minute  fraction  of  the  Pacific 
i 8  covered  by  land  above  sea  level,  predominantly  in  the  form  of 
small  islands.  The  greatest  concentration  of  islands  exists  in 
the  region  between  25°N  and  25°S.  This  is  indeed  fortunate  for 
the  tropical  meteorologist  because  each  island  is  a  potential 
weather  observation  post,  and  many  have  been  so  utilized  for 
several  years.  On  the  other  hand,  the  tropical  meteorologist  is 
at  a  distinct  disadvantage  when  he  looks  at  a  weather  chart,  and 
is  able  to  do  no  more  than  identify  each  observation  station  with 
a  name  and  location.  Only  out-of-print  publications  describe  the 
orography  and  locations  of  some  of  these  weather  stations.  It  is 
important  that  the  forecaster,  who  must  determine  the  present  and 
future  state  of  the  atmosphere  over  the  vast  Pacific,  be  able 
to  utilize  accurately  every  Jot  of  weather  information.  To  do 
this  properly  he  must  familiarize  himself  with  the  Pacific  Islands 
and  their  geography. 

2.  Divisions  of  the  Pacific  Ocean 


Geographic.  The  ocean  is  divided  into  the  North  Pacific, 
north  of  the  Tropic  of  Cancer  (23°N),  the  Central  Pacific, 
between  the  Tropic  of  Cancer  and  the  Tropic  of  Capricorn  (23°S), 
and  the  South  Pacific,  south  of  the  Tropic  of  Capricorn. 

Anthropological.  There  are  three  main  divisions:  Melanesia 
(dark  or  black  islands)  extending  in  an  arc  from  western  New 
Guinea  to  New  Caledonia  and  Fiji,  whose  peoples  are  dark-skinned 
with  heavy  beards  and  frizzy  hair;  Micronesia  (little  islands) 
comprising  the  Carolines,  Marianas,  Marshalls*  and  Gilbert  and 
Ellice  groups  with  inhabitants  of  mixed  Melanesian,  Polynesian 
and  Malaysian  stock;  and  Polynesia  (many  islands)  which  include 
New  Zealand,  Tonga  and  all  other  Tolands  east  of  the  International 
Date  Line.  The  Polynesians,  last  migrants  from  Asia  to  the 
Pacific,  are  brown-skinned,  a t r a i ght -ha i r e d  people. 


Meteorological.  Considering  the  lower  atmosphere  one  might 
defini  the  tr opi cs  as  that  envelope  of  air  bounded  by  the  axes  of 
the  subtropical  anticyclones  of  both  hemispheres.  This  definition 
implies  that  the  tropical  atmosphere  is  homogeneous  and  approxi¬ 
mately  barotropic.  The  atmosphere  poleward  of  the  subtropical 
ridges  is  generally  non-homoge neou s  and  baroclinic. 

Geological.  Islands  which  consist  of  granite  and  siliceous 
(407,  SIO2)  eruptive  rock,  called  andesite,  are  labeled  continental 
These  islands  were  probably  joined  to  the  mainland  during  some 
time  in  geologic  history.  They  lie  in  general,  west  of  a  line 
extending  from  Japan  through  the  Marshall  Islands,  Samoa  and  N  jw 
Zealand.  Islands  which  have  primarily  basalt  or  coral  foundations 
are  classified  as  oceanic  and  lie  to  the  east  of  the  line. 

Bathymetric  and  seismic  evidence  gathered  during  the  Inter¬ 
national  Geophysical  Year  has  prompted  geologists  to  state  that 
mid-ocean  ridges  form  a  continuous  system  about  the  earth.  In 
the  Pacific  the  main  ridge  extends  from  south  of  Australia  and 
New  Zealand  to  Easter  Island.  Here  it  is  least  known  but  branches 
probably  extend  to  South  America  through  Juan  Fernandez  and 
Galapagos  Islands  and  perhaps  to  Mexico.  The  main  ridge  continues 
from  Easter  Island  through  the  Line  Islands  and  the  Hawaiian  chain 
to  Kamchatka.  Thus,  it  seems  probable  that  a  continuous  ridge  a 
few  hundred  miles  wide,  from  10,000  to  33,000  ft  high,  winds  its 
way  across  the  central  ocean  floor. 

Earthquakes  occur  along  most  of  this  ridge  which  is  the 
second  most  active  seismic  system  on  Earth,  Where  the  ridge  has 
been  most  closely  studied,  it  has  been  found  to  have  a  central 
rift.  Both  rift  and  earthquakes  suggest  that  the  ridge  follows  a 
fault  zone  which  geologists  call  the  mid-ocean  fracture  system. 

The  ridge  is  made  up  of  basalt  lava  with  some  patches  of  ultra- 
basic  rock,  and  the  islands  along  it  are  basalt  volcanoes.  All 
this  suggests  that  the  ridge  has  been  formed  by  the  escape  of 
basalt  lava  along  a  fracture  zone  and  that  basalt  has  been  formed 
by  partial  melting  of  pockets  in  the  ultrabasic  rocks  of  the  upper 
mantle  at  a  depth  of  not  more  than  37  mi.  The  lack  of  abandoned 
ridges  and  the  slow  rate  of  the  ridge's  volcanism  suggest  that  it 
has  been  in  its  present  position  for  a  very  long  time,  perhaps 
for  most  of  the  Earth's  history. 

The  mid-ocean  ridge  system  divides  the  Pacific  Ocean  into 
eastern  and  western  parts.  The  eastern  Pacific  is  fairly  uniform 
in  depth  and  nearly  devoid  of  islands  except  along  the  coasts  of 
the  Americas.  Here  an  extension  of  the  mid-ocean  ridge  system  is 
defined  as  a  broad  submarine  platform  (about  13,000  ft  below  the 
surface)  called  the  Albatross  Plateau,  branching  north  from  South 
America  toward  Central  America,  and  west  through  the  Tuamotu 
Archipelago  to  Antarctica.  From  rifts  or  fissures  along  margins 
of  the  Plateau  volcanic  mountains  have  thrust  out  of  the  sea  to 
form  the  islands  of  Sa la-y-Goraez ,  Juan  Fernandez,  Galapagos, 

Easter  and  Cocos  . 

In  contrast  to  the  eastern  section,  many  hundreds  of  islands 
dot  the  western  Pacific  between  New  Zealand  and  the  Aleutians. 
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Mid-ocean  island  groups  such  as  Hawaii,  Samoa,  Phoenix,  Tokelau 
amd  Gilbert  are  extrusions  o£  the  mid-ocean  ridge  above  sea  level 
and  have  been  formed  either  by  volcanic  activity  or  by  the  action 
of  coral  polyps  around  submerging  old  volcanoes  (guyots). 

Hear  the  Asian  continent  certain  other  islands,  exemplified 
by  Mew  Guinea,  Solomons  and  Mew  Hebrides  are  a  complex  volcanic, 
continental  and  coralline  mixture.  An  intriguing  aspect  of  certain 
continental  margins  is  the  volcanic  island  arc  and  associated 
deep  trenches  in  the  ocean  floor.  Great  arcuate  island  festoons 
extend  all  the  way  from  Alaska  to  Kamchatka  and  southward  through 
the  western  Pacific  to  the  Banda  Sea  of  Indonesia.  They  are 
generally  bowed  outward  toward  the  Pacific,  and  bounded  on  the 
Pacific  side  by  deep  narrow  trenches  whose  depths  exceed  the 
elevation  of  Mount  Everest.  The  islands  of  these  arcs  are  mostly 
active  volcanic  cones  rising  from  swells  on  the  ocean  floor  to 
sea  level  and  above.  Some  of  the  arcs,  such  as  the  Japanese 
Archipelago,  consist  of  large  islands  with  complex  geologic 
foundations,  but  even  these  are  replete  with  active  volcanoes. 

The  island  arcs  of  the  western  Pacific  are  most  active  earth¬ 
quake  belts  and  hence  are  considered  belts  of  active  deformation 
of  the  earth's  crust.  Within  historical  times,  significant  ele¬ 
vations  and  depressions  of  the  land  have  been  observed,  at  rates 
which  if  extrapolated  backward  into  geologic  time,  allow  geol¬ 
ogists  to  account  for  the  highest  mountains  or  the  most  profound 
ocean  depths  . 

Geologists  have  two  theories  regarding  the  formation  of  the 
deep  oceanic  trenches.  The  first  theory  states  that  oceanic 
trenches  can  be  accounted  for  by  the  contracting  of  the  earth's 
crust  or  by  horizontal  compressive  forces  acting  over  a  limited 
area.  The  horizontal  compressive  forces  cause  the  crust  to  down- 
buckle  into  the  heavier  material  of  the  mantle,  thus  forming  a 
trench.  The  second  theory,  which  is  more  recent,  states  that 
trenches  are  due  to  overriding  by  the  inner  blocks  of  island  arcs, 
which  are  thrust  up  at  the  surface  and  which  bend  down  the  ocean 
floor  in  front  of  them.  The  volcanoes  which  form  adjacent  to  the 
deep  oceanic  trenches  are  believed  to  be  caused  by  subsidiary 
faulting.  This  faulting  provides  channels  along  which  lava  and 
superheated  solutions  can  rise  from  the  depths. 

Some  of  the  deepest  trenches  found  in  the  western  PacifiCare: 

Cape  Johnston  (near  Mindanao)  34,440  ft. 

Horizon  (Tonga  Islands)  34,884  ft. 

Vityaz  (Kuril  Islands)  34,044  ft. 

ICamapo  (southeast  of  Japan)  34,038  ft, 

Nero  (Tinian  Island)  31,614  ft. 

Aldrich  (north  of  New  Zealand)  31,080  ft. 

Trenches  have  also  formed  in  the  eastern  Pacific  near  the  west 
coast  of  South  America  but  they  are  somewhat  shallower  than  the 
western  trenches. 
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3.  Tropical  Pacific  islands 

Volcanic  inlands.  These  islands  have  been  built  up  from  the 
ocean  floor  5~y  flow  after  flow  of  basaltic  lava  issuing  from 
rifts.  The  flows  thin  out  as  they  leave  the  center  of  eruption, 
until  a  gigantic  dome  i9  built  above  sea  level.  The  dome  may  be 
ten  to  thirty  miles  wide  at  sea  level  and  extend  several  thousand 
feet  above  sea  level.  As  a  final  stage  of  volcanism  several 
subsidiary  volcanoes  may  break  out  on  the  slopes  of  the  great  dome 
and  cinder  cones  be  left  as  a  result. 

Volcanic  islands  vary  in  age  and  consequently  in  the  degree 
to  which  the  weather  has  affected  them.  The  basalt  weathers  very 
easily,  but  where  the  flows  are  of  recent  origin,  as  in  the  case 
of  Haleakala  and  Mauna  Loa  in  the  Hawaiian  chain,  the  original 
dome- like  profile  in  still  preserved.  Where  erosion  has  gone 
further,  and  particularly  in  the  case  of  ash  cones,  the  old  crater 
walls  arc  broken  down  and  sharply  serrated.  The  dramatically 
jagged  ridges  of  Kauai  and  Tahiti  are  the  effects  of  severe 
erosion  on  extinct  volcanoes. 

Wind  and  weather  observations  taken  from  a  volcanic  island 
will  be  unrepresentative,  particularly  on  the  leeward  side  and 
below  the  level  of  the  highest  terrain.  In  fact,  cloud  formations 
show  that  peaks  distort  wind  flow  to  about  twice  their  height. 

Diurnal  effects  produced  by  such  large  volcanoes  as  Mauna  Loa 
may  divert  the  normal  northeast  trade  flow  and  at  times  completely 
overpower  i t  . 

Coral  islands;  Darwin's  subsidence  theory  of  atoll  evolution.- 

Pre-Darwinian  theories  of  coral  reef  formation  had  clouded  rather 
than  resolved  the  mystery  of  their  existence.  Voyagers  and 
explorers  of  the  17th  and  18th  centuries  fancied  that  coral 
animals  erected  their  circular  parapets  for  reasons  of  defense 
and  compared  them  with  beehives  and  the  geometrical  nests  of  wasps. 
One  naturalist  deduced  that  reefs  were  "built  by  fishes  by  means 
of  their  teeth."  In  prose  and  poetry  nature  writers  eulogized 
the  "skill"  and  "industry"  of  the  "coral  insect"  in  fabricating 
his  "home." 

Darwin  was  perfectly  aware  that  coral  formations  consisted 
of  the  calcareous  remains  of  small,  static,  colonial  animals,  and 
that  their  giant  edifices  were  no  more  products  of  "skill"  and 
"industry"  than  man's  skeleton  or  the  shells  of  clams.  Yet  the 
problem  of  process  remained.  Observations  made  by  Darwin  In  the 
Cocos  Isles  revealed  that  the  outer  walls  of  coral  of  each  reef 
and  atoll  plunged  precipitously  to  enormous  depths.  Paradoxically 
he  also  ascertained  that  living  corals  existed  only  to  a  depth  of 
120  to  180  ft,  a  depth  at  which  almost  all  the  sunlight  has  been 
absorbed.  The  crucial  question,  therefore,  as  Darwin  phrased  it, 


•v 

Based  very  largely  on  "Darwin's  world  of  nature"  by  L.  Barrett 
in  Life  Magazine,  20  July  1959,  54-68. 
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wag  "On  what  have  itn-  ht  l  -bui  ldinj;  corals,  which  cannot  live  at: 
p t  o  a  t  depth,  Im  icJ  their  massive  structures?' 


D  a  r  w  i  r.  examined  coral  formations  and  separated  them  into 
three  types’  f  r i n  p i n  g  reels,  barrier  reefs  and  atolls.  The 
fringing  reef  is  a  circular  rampart  of  coral  surrounding  a  volcanic 
island  c  1  o  3  e  to  the  island  shore  or  contiguous  with  it.  The 
barrier  reef  is  similar  to  a  fringing  reef  but  separated  from  it 
by  a  channel  ot  water.  The  atoll  comprises  a  ring  of  coral 
surrounding  a  central,  shallow  lagoon  (sec  figs  2-1,  2-2,  2-3, 

2-4)  . 


In  these  three  types  Darwin  discerned  a  process  of  evolution. 
He  concluded  that  coral  formations  were  the  end  product  of  three 
processes:  (1)  the  initial  uplifting  of  an  island  by  submarine 

volcanic  action,  (2)  'he  gradual  subsiding  of  the  island  into  the 
sea,  and  (3)  the  colonizing  of  its  subsiding  slopes  by  myriad 
coral  polyps  which  reproduced  themselves  in  the  sunlit  upper 
strata  of  the  sea  and,  as  they  perished,  left  behind  their 
skeletons  as  foundations  on  which  future  generations  continued 
to  build.  In  Darwin's  view  the  fringing  reef  came  first,  edging 
the  shores  of  the  newly  created  island.  Then  as  the  island 
subsided,  the  corals,  ever  building  on  the  same  foundations, 
became  separated  from  the  shore,  and  their  structure  assumed  the 
form  of  a  barrier  reef.  Finally  the  island  disappeared  completely, 
leaving  only  the  circular  atoll. 

"From  the  fact  of  the  r ee f -b u i 1 d i ng  corals  not  living  at 
great  depths,"  Darwin  wrote,  "it  is  absolutely  certain  that 
throughout  these  vast  areas  (of  the  ocean),  wherever  there  is  now 
an  atoll,  a  foundation  must  have  originally  existed  within  a 
depth  of  20  to  30  fathoms  from  the  surface..,"  As  island  after 
Island,  slowly  sank  beneath  the  water,  fresh  bases  would  be 
successively  afforded  for  the  growth  of  the  corals.  In  its 
essential  o  alines  Darwin's  theory  is  valid  today.  But  as  Darwin 
himself  acknowledged,  it  is  oversimplified  and  incomplete.  Modern 
oceanographers  agree  that  most  atolls  stand  on  volcanic  founda¬ 
tions  which  have  slowly  subsided  into  the  sea.  During  World  War 
II  the  U.  S.  Navy  discovered  the  existence  of  submerged  flat- 
topped  volcanic  mountains,  called  guyots,  scattered  throughout 
the  depths  of  the  Pacific  Ocean.  Dredging  produced  pebbles  that 
had  obviously  been  sculptured  by  wave  action,  indicating  that  in 
the  past  these  drowned  flat-topped  mountains  had  been  islands 
protruding  above  the  surface  of  the  sea.  Hence  the  fact  of  sub¬ 
siding,  as  suggested  by  Darwin,  was  sustained.  But  subsidence  is 
relative;  it  may  result  either  from  sinking  of  the  island  founda¬ 
tions  or  from  a  rise  in  sea  level. 

Fluctuations  in  ocean  level  have  occurred  repeatedly  since 
prehistoric  times  as  the  result  of  alternate  freezing  and  melting 
of  the  polar  ice  caps,  causing  sea  levels  to  rise  and  fall. 

Recent  studies  of  fossils  and  rock  samples  have  revealed  that  the 
evolution  of  atolls  is  more  complex  than  Darwin  conceived  in  his 
vision  of  a  forthright  sequence  from  fringing  reef  to  barrier  reef 
to  atoll.  Deep  borings  have  recently  been  made  at  three  sites  in 
the  Pacific--in  the  Ellice  Islands,  the  North  Borodino  Islands  and 
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DARWIN  SUBSIDENCE  THEORY 

In  1842,  Darwin  suggested 
that  reefs  grew  up  on  a  subsi¬ 
dence  foundation.  The  subsidence 
in  nest  cases  was  thought  to  hare 
been  intermittent  and  slow,  and 
the  reef  grew  fast  enough  to 
maintain  contact  with  sea  level. 
Only  the  outer  edges  supported 
actively  growing  reef  coral; 
hence  as  the  island,  or  mainland 
sank,  th«_  reef  stood  farther  and 
farther  off  shore,  until  with  the  disappearance  of  the  enclosed  island, 
an  atoll  was  formed.  The  three  steps  in  t?ie  figure  are:  (1)  a  frinsina 
reef,  (2)  a  barrier  reef,  and  (3)  an  atoll. 


DALY  GLACIAL  CONTROL  THEORY 

Daly  modified  the  subsidence 
theory  to  th«  effect  that  the  sea 
level  throughout  the  tropics  was 
lowered  some  200  ft.  during  the 
glacial  period.  This  allowed 
truncation  of  the  platforms  by 
waves.  R.eefa  began  to  grow  on  these  submerged  platforms  as  the  water 
warmed  and  the  sea  level  rose.  He  claims  that  the  lagoon  floor  is  uni¬ 
form  at  200-300  ft. 


REIN  THEORY 

Rein  suggested  that  organic 
deposits  accumulated  on  still 
standing  submarine  summits,  and 
that  these  deposits  eventually 
built  up  to  sea  level.  This 
does  not  effectively  explain  the 
lagoon. 


MURRAY  THEORY 

Hurray  held  a  similar  theory 
to  Rein,  but  added  that  the 
lagoon  of  atolls  resulted  from 
solution  while  the  reef  grew 
outward)  however,  there  is  no 
real  eridence  to  support  this. 


Figure  2-2.  Atoll  formation  theories. 
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the  base  of  the  atoll,  layer  upon  layer  of 
ages  on  a  submerged  volcano. 


Mehlt  la 


F 1 gur  e  2  -4  .  Society  Islands.  These  islands  stretch  for  approximately  200  miles  in  an 
almost  east-west  direction.  They  exhibit  the  complete  cycle  of  Darwin's  theory.  The 
islands  above  are  numbered  from  east  to  west,  so  it  appears  that  there  has  been  a  strong 
tilting  of  the  ocean  floor  to  the  west  as  the  western  islands  show  the  most  subsidence. 


the  Marshall  Islands--and  have  provided  important  confirmations 
a ra  revisions  of  Darwin's  ideas.  The  deepest  hole  was  bored  in 
the  Marshall  group,  at  Eniwetok  penetrating  to  4600  ft  and  reach¬ 
ing  the  foundation  on  which  the  earliest  substructure  of  the  reef 
was  laid  down.  It  showed  that  the  foundation  of  the  Eniwetok 
atoll  was  indeed  a  submarine  volcano,  rising  two  miles  from  the 
ocean  floor.  The  volcano  at  one  time  projected  above  sea  level. 
Then,  when  volcanic  action  ceased,  it  slowly  sank,  and  corals  and 
their  associated  forms  of  life  began  building  on  the  submerging 
slopes.  The  fossils  of  these  or gani sms -- f ound  in  the  layers  of 
sediment  capping  the  volcanic  foundation,  date  as  far  back  as  the 
Eocene  Period,  60  million  years  ago.  Oceanographers  estimate  that 
Eniwetok  atoll  has  been  subsiding  at  the  rate  of  .03  in  per 
century  since  that  time. 

Environment  of  growing  coral.  Coral  lives  in  water  with  a 
salinity  of  beVw e"erT  27  ancl~5~0  paFts  per  thousand  (average  open 
ocean  salinity,  35  ppt).  Water  temperature  is  also  critical, 
ranging  from  65°F  to  9  7  °F  ;  optimum  growth  occurs  between  77  and 
84°F,  Most  reef  building  takes  place  between  the  sea  surface 
and  25  fathoms  although  reef  coral  may  live  as  deep  as  85  fathoms. 
Coral  can  withstand  short  periods  of  exposure  to  the  air  during 
low  tide.  It  is  dependent  on  sunshine  and  water  circulation  for 
food,  oxygen  and  sediment  removal.  Reef  corals  are  found  in  warm 
shallow  tropical  and  subtropical  waters  between  35°N  and  32°S. 

F lat  coral  atolls  consist  of  a  group  of  small  coral  islands 
built  on  a  large  coral  reef  on  top  of  a  guyot.  These  islands  are 
connected  by  a  causeway  and  encompass  a  relatively  shallow  water 
area  called  a  lagoon.  They  vary  in  size  and  shape  with  very 
few  being  completely  circular.  Jaluit,  in  the  southern  Marshalls 
is  triangular.  One  of  the  smallest  in  the  Pacific  or  elsewhere 
is  Namorik  which  is  less  than  one  mile  across.  Kwajalein,  one  of 
the  largest,  is  100  mi  along  its  longest  axis. 

Most  flat  atolls  are  named  after  the  main  inhabited  island 
or  the  people  of  the  atoll.  Wake  Atoll  for  example,  is  named 
after  the  largest  of  three  islets. 

Living  conditions  on  slat  atolls  are  difficult  because  fresh 
water  is  scarce  and  there  no  fertile  soil  in  which  to  plant 
crops.  Inhabitants  live  or.  coconut  products,  breadfruit  and 
sea  food. 

Flat  coral  atolls  make  excellent  weather  observation 
platforms  since  the  wind  over  the  atolls  is  undisturbed  for  most 
practical  purposes.  Tall  palm  or  coconut  trees  which  can  rise 
to  100  ft  may  disturb  the  surface  winds  but  have  little  effect  on 
winds  above  the  surface. 

Raised  coral  atolls  have  been  lifted  sometime  in  geological 
history^  The  lagoon  has  disappeared  leaving  only  a  depression 
in  most  cases.  Raised  coral  atolls  have  a  greater  supply  of  fresh 
water  and  better  soil  than  the  flat  coral  atolls. 

Wind  observations  taken  from  these  islands  will  generally  be 
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representative  for  levcLs  above  the  highest  point  on  the  island. 
However,  surface  observations  arc  influenced  to  some  extent  by 
orography. 

4.  Pacific  island  weather  stations 

Meteorologists  in  the  Pacific,  who  must  analyze  and  forecast 
the  weather  with  the  existing  sparse  network  of  reporting  stations, 
are  constantly  striving  to  improve  the  data  coverage.  This  is 
particularly  true  over  the  tropical  Pacific  where  tropical  cyclones 
can  rapidly  develop  into  typhoons. 

Although  the  number  of  upper  air  wind  observing  stations  in 
the  Pacific  is  small  compared  to  the  area  involved,  there  is  a 
fairly  good  network  of  surface  weather  reporting  stations  over 
the  central  and  western  Pacific  of  both  hemispheres.  In  any  low 
level  analysis  of  the  wind  field,  pibal  or  rawin  data  can  often 
be  supplemented  by  surface  winds  and  cloud  directions.  Although 
cloud  directions  can  generally  be  considered  representative, 
except  over  large  mountainous  islands,  surface  winds  must  be 
treated  with  caution. 

Unless  the  analyst  is  familiar  with  the  orography  of  Pacific 
islands,  indiscriminate  use  of  surface  and  low  level  winds 
(10,900  ft  or  lower)  in  streamline  analyses  can  often  lead  to 
incorrect  solutions.  In  the  past  there  has  never  been  one  spe¬ 
cific  gazetteer  or  source  which  lists  the  exact  location  and 
topography  of  island  weather  stations.  Because  of  this  and  the 
need  for  utilizing  all  available  weather  data  in  the  tropical 
Pacific,  the  following  table  of  Pacific  island  stations,  their 
location,  topography  and  type  of  weather  reports  has  been  compiled. 

The  listing  has  been  restricted  to  those  islands  in  both 
hemispheres  which  usually  appear  on  a  weather  plotting  chart  as 
only  a  number.  Stations  on  very  large  islands  (with  the  excep¬ 
tion  of  New  Guinea)  have  been  omitted. 

For  each  weather  reporting  station,  the  following  information 
is  given: 

1.  The  common  name  and  international  index  number  as  it 
appears  in  HO  206,  Vol.  II  or  WMO  No,  9  TP4,  "Weather  Reports, 

Vol.  A,  Nomenclature  of  Stations."  The  name  of  the  island  on 
which  the  station  is  located  appears  in  brackets  when  the  two 
names  are  different. 

2.  The  geographical  island  group  or  chain  designation. 

3.  Type  of  island,  where 

FA  =  Flat  Coral  Atoll  with  highest  terrain  below  30  ft  msl. 


RA  =  Raised  Coral  Island  without  volca.iic  peaks  where 
terrain  reach el  J0— ft  msl  or  higher. 

SV  =>  Small  Volcanic  Island  whose  mountain  tops  rise  less 
than  30(10  ft  msT^ 
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LV  e  Large  Volcanic  Island  with  volcanic  peaks  above 
TO  00  ft  ns  rr 

4,  Height  (ft  above  sea  level)  of  the  observing  stution  and 
its  general  location  on  the  island.  This  information  aid9  the 
analyst  in  determining  the  representativeness  of  surface  and 
upper  wind  data. 

5,  Highest  point  and  its  location  on  the  island  (for  Hew 
Guinea,  the  highest  point  in  the  general  area  of  the  station). 

This  information  helps  in  estimating  the  lowest  level  at  which 
pibal  or  raw  in  data  are  representative. 

6,  Type  of  weather  reports  transmitted,  where 

S  -  Surface  synoptic 
R  W  -  Rawin 
P  _  Pibal 
W  -  Radio-wind 

Recco  -  Aircra  f  t  reconnaissance 

tor  detailed  data  on  the  frequency  and  times  of  reporting 
for  each  station  consult,  WHO  Wo,  9.  TP4,  "Weather  Reports, 

Vol.  C,  Transmissions." 

In  addition  to  the  table,  a  locator  chart  showing  the  upper 
wind  network  for  the  Pacific  region  is  included  as  fig  2-5.  The 
names  of  stations  which  make  rawin  soundings  at  least  once  a  day 
are  underlined.  Other  stations  are  scheduled  to  make  at  least 
one  pibal  run  per  day. 
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Name  of  report-  Intnl.  Height  and  general  Highest  point  Type  of 

ing  station,  Index  location  of  observ-  and  location  reports 

village  or  No.  Island  group  Type  of  Ing  station  on  on  island  trar.s-  Remarks 

island  91  or  chain  island  island  mi t  ted 


T3 

UJ 

<y 

3 

00 

T5 

CO 

*v 

c 

QJ 

o 

T)  £ 

o 

TJ 

c 

o 

C  u 

— < 

O 

o 

3 

m 

rO  M 

O 

w 

3 

u 

03  3 

cm  rO 

CL 

r—i 

.O  C 

'M  0 

*— < 

0) 

0) 

U 

3  O 

M  U 

H 

u 

X) 

u 

U  o 

*  4 

0) 

X 

•M 

<0 

j:  o 

O  UJ 

3 

a 

U5 

CL 

w  u 

rv 

✓"\ 

N 

N 

O 

O 

o 

o 

CL 

a 

•> 

on 

CO 

co 

CO 

CO 

CO 

CO 

CO 

V) 

CO 

CO 

m 

1 

CM 

c 

M 

u 

4J 

■u 

w 

u 

<U 

CM 

VM 

CM 

VM 

CO 

U-i 

2 

w 

o 

a 

c 

m 

(0 

LT> 

A 

r>. 

A 

A 

a 

-C 

4J 

u 

4J 

X 

4-1 

X 

u 

X 

X 

X 

CM 

X 

CM 

4-1 

o 

CM 

o 

u 

0 

o 

o 

4J 

0 

u 

M 

cn  CM 

M 

u 

w 

c 

M 

O 

ON 

a 

O  Iw 

a 

C/) 

a 

a 

a 

0. 

O  X5 

O 

ci. 

cy 

CL 

0)  O 

a 

a 

a 

<t  o 

a 

ro  c 

< 

CM  M 

< 

Ml  ^ 

< 

< 

< 

H  Cl 

< 

i-l  0) 

M 

VM 

VM 

VM 

a> 

VM 

0 

O 

0 

-a 

C 

<u 

•M 

0) 

V 

o 

a) 

•o 

a 

0) 

cn 

0) 

X 

T> 

73 

* 

•H 

TJ 

TJ 

T) 

*M 

•H 

M 

c 

*H 

•M 

a 

c 

m 

•H 

•H 

3 

•M 

CO 

C3 

O 

3 

0) 

CO 

a 

3 

00 

CO 

*d-* 

05 

<0 

td 

w 

3 

3 

X 

C 

W 

W 

X 

C 

z 

SC 

z 

A 

% 

CO 

0) 

o 

2 

0) 

o 

i-> 

*M 

A 

■w 

A 

A 

a 

U-4 

*»  *-M 

»  M 

A 

»M 

• 

M 

a 

»M 

4J 

A 

■u 

4J 

■U 

M 

4J  ^ 

U  M 

M 

-4 

4J 

<0 

4J 

iM 

VM 

4J 

c3 

VM 

VM 

VM 

VM  O 

VM  0 

VM 

0 

VM 

U 

VM 

o 

VM 

O 

U 

u 

u 

o 

AJ 

r> 

o 

CM 

o 

M 

(0 

(0 

r^. 

aJ 

in 

rM 

a) 

r-4 

H 

rM 

M 

< 

C 

< 

C 

< 

c 

< 

> 

c 

> 

> 

cX 

cX 

u. 

Cm 

u, 

U4 

CO 

Ui 

tn 

CO 

w 


cn 

3 

H 

a) 

u 

C0 

D 

O 

cr 

B 

3 

r 

U 

u 

01 

CO 

<0 

3 

3 

x : 

H 

< 

o> 

o 

M 

CM 

CO 

O 

r>. 

CO 

03 

o 

vt 

m 

o- 

<1* 

<t 

m 

m 

o> 

O' 

o> 

ON 

c> 

ON 

ON 

03 

03 

O' 

<0 


0) 

C0 

o 

3 

(fl 

u 

0) 

V4 

U 

0 

rt 

3 

4J 

•M 

Cl 

u 

•r-l 

Jd 

C0 

00 

3 

3 

3 

c 

■M 

X 

u 

a) 

C0 

C0 

•H 

cl 

3 

u; 

X 

Oi 

’X 

H 

H 

> 

v 


<0  U 


01  a) 

3 

•w 

u  00 

u 

« 

aJ 

•H  C 

o 

3 

3 

C0 

X  « 

a! 

U 

X 

c 

S 

0) 

3 

3 

c 

od  ^ 

Od 

ed 

H 

2-38 


r 


i 

•o 

O 

03 

CO 

g 

o 

C 

CO 

3 

H 

£3 

CO 

o 

•H 

3  *0 

O 

CO 

•r-l 

g 

03 

r—i 

1-J 

CL 

C  03 

c 

u= 

o 

03 

CO 

03 

C  X) 

-r-l 

U 

r—t 

v» 

0) 

03 

•r-  o 

rj 

- 

<d 

i 

X) 

aj 

CT3 

(TJ 

Li 

A> 

rj  O 

aj 

B 

03 

rM 

Ll 

03 

O 

CO 

U-4 

C 

a> 

DO 

u 

•c 

03 

CL 

x: 

U_4 

r: 

P 

as 

DO 

0) 

aj 

> 

CO 

CO 

•M 

3  ’3 

o 

3 

0 

■M 

0) 

AJ 

cd 

H 

o  r: 

2- 

06 

E 

3 

CO 

4*3 

W 

jC 

o 

:r  <d 

/""S 

/*\ 

N 

'  -» 

ri 

** 

c\i 

4-1 

CO 

N 

s 

t  J 

^  M 

O 

o 

•N 

CM 

0 

4J 

i 

X> 

o 

C  ro 

£2, 

C 

o 

<? 

N 

■3 

Wi 

co 

0) 

o 

-  vD 

O 

\Q  * 

- 

* 

o 

<M 

O 

vO 

01 

o 

a 

U 

''w' 

CM  i— * 

o  co 

/•V 

o  ^ 

w 

n J 

r—4 

o. 

CL 

m 

AJ 

a 

iM 

>: 

W  o 

N 

cx 

O  N 

CL, 

*> 

a. 

- 

Ss 

CJ 

Li 

* 

O 

- 

TO 

CJ 

*> 

vO 

* 

o 

H 

i  J 

a  1 

CO 

CO 

CO 

CL  ■ — ' 

CO 

cL  a 

CO 

CL  r— 4 

C/3 

r—4 

(O 

—4 

4-1 

C  C 

1 

c 

•H  O  TP 

03 

o 

O  -H  C 

3 

a 

(/j 

f-J 

04 

a.  y  oi 

•U 

(13  i—l 

** 

* 

** 

» 

cm 

U  U  W 

4-3 

4J 

4-3 

4J 

M 

tj 

CO  0  T-J 

(U  r-l 

L-J 

L-j 

4-4 

CM 

CW 

W-, 

M-l 

*-M 

LO  *M 

JS  c 

CO 

O 

S' 

O 

oj  a 

o 

^  E 

00  "O  o 

m 

fM 

aj 

O 

M 

ro  T5 

ro 

ro  -a 

o 

» 

•H  C 

<r 

O 

0 

o 

CJ 

c:  c 

O 

O  -M 

o 

•M 

ro  lo 

X  CO 

r—4 

04 

o 

1 

■u 

04  M4 

M 

M  03 

vO 

E 

- - 1  'M 

*  u 
U  S  a 


03 

CO 

0 

i 

| 

4-1 

XJ 

C 

X 

0) 

u 

CJ 

CO 

AJ 

0) 

O 

c 

a 

TO 

p 

XJ 

<CJ 

CO 

DO 

0 

T3 

0) 

T3 

•H 

Cl 

•  M 

o 

td 

4-1 

•M 

C 

•o 

•H 

CO 

CO 

a 

o 

X) 

o 

U 

CO 

•H 

CO 

\j 

o 

P 

cO 

M 

CO 

C 

C/3 

M 

aJ 

c 

4-3 

W  I 

w 

P 

|~i-~r 

w 

0 

CO 

•H 

* 

A 

»* 

4J 

-H 

m 

4J 

** 

X.J 

»> 

CJ 

DO 

•» 

4J 

CM 

4J 

CM 

AJ 

AJ 

DO 

n3 

C 

4_» 

CM 

CM 

CM 

CM 

•M 

o 

•M 

4-1 

O 

O 

o 

0) 

o 

o 

in 

o 

cD 

o 

OJ 

X 

H 

m 

CO 

ro 

m 

> — i 

CN 

M 

cw 

O  X> 

P 

Q)  n 3 

CL  r-4 
>»  W 

H 


> 
c n 


>  > 

CO  CO 


>  > 

CO  CO  CO 


> 

♦J 


CL 


o  c 

M  -H 
DO  rt 

x: 
*n  o 
c 

<0  u 

rH  O 

C/3 

M 


aJ 

Jj 


CO 

P 

C 


x; 

o; 

4J  TJ 

C?  P 

*— 4  (fl 
O  rv 
CO  Vi 

M  -M 


rj 

a> 

c 

•H 

3 

O 

3 

o 


H 

c 

X 

o 

| 

cO 

co 

o 

93 

in 

vO 

o- 

AJ 

T3 

o 

?M 

m 

cO 

F\ 

o> 

CN 

ON 

'■vl 

iM 

rvl 

c 

M 

P 

M 

X 

CN 

a\ 

o 

9  1 

o 

0> 

ON 

CN 

o 

O 

o 

«  u 

/^i 

X 

a  o 

cd 

rd 

<u 

0 

03 

03 

u 

•H  0) 

<u 

u 

a 

C 

«J  60  ”0 

<u 

c 

3 

0) 

■H 

•M 

4-1 

«  (13  C 

Vj 

0 

<s 

X 

D 

P 

0 

AJ  r-l  (C 

> 

*M 

X 

»M 

CTJ 

do  e* 

o 

(J)  r-l  — J 

n) 

o 

^  E 

c 

CJ 

■rJ  W 

> 

n3 

O 

<u 

4J 

P  W 

cd  ^ 

B 

00  >  -J 

*H 

a 

AJ 

(J 

M 

O  D 

XJ  a) 

03 

03 

(13 

c 

cO 

CTJ 

*M 

0 

O 

nj 

n) 

<d 

z 

X 

•-I 

Di 

X 

X 

2-4 

pi  N— ' 

N-/ 

9  9Q 


J 


1 


CO 

u 

cC 

B 

<d 

02 


I  XJ 
c/3  <V 
C  u 


^  cn 

O  u 
u 

cj  o 

D-.  CL  ctJ  i-J 

>»  a)  u 

H  v«  *-J  B 


C  C 

•H  O  X) 

0  c 

a  u 

aj  »~4 
4J  O  05 
U1  O  -H 
CJ  H 

j=  e 

00  T)  O 

•«  c 

£  4 


4 


M  > 
4  p 

1-4  0) 

a)  m 
C  £) 
oi  o 
00 

ip 
tJ  O 

a 

4  C 

o 


e 

o 

e 

O  T3 
•P  C 
u  4 
4  »—* 
p  01 
01  -P 


£  4J  M 

oo  4  d 

-P  Cl  .p 

a)  o 
£ 


o  -o 
c 

(0  4 

G.  — 

<n 

H  -P 


cl 

9 

o  c 

P  'H 
oo  4 

.e 

"O  o 

c 

4  p 
o 

(ft 


—  « 

C  01  • 

u  *o  o  <f 
C  C  Z  O' 


<r 

o  vO 

•w  H 

cu  -  N 
-o  N 

C/J  H  N 


U-4  tsJ 

m 

v£)  -P 

m  S 
co  o 


01 

<0 

o 

ci 


u 

Cl 


o 

o 


> 


4 

01 

C 

»H 

3 

O 

3 

3 

s 


in 

m 

O 


CL  N 

-  Cl 
CO  r-4 


P 

co  4 
Cl. 


CO 

P 

U 

c 

<0 

o 


o 

o 


01 

C8 

o 

o 

w 

z 


> 

-1 


4 

p 

•p 

B 

"O 

< 


o 


<r  » 

O  CO 

v-p*  H  z'*' 

CL  -  N 
-  O  nj 
co  * — '  nj 


O 

m 


O  co 
o 

O  -H 
co  B 


01 

4 

o 

o 

w 


o 

m 


> 


CM 

o 

vp 

CL  M 

-  o 

CO  CP 


a 

co 

J= 

u 

u 
01  '-p 

CO 

oi  o 
►J  <n 


p 

4) 


CO 


iO 

CP 


< 

u. 


o 

00 

<0 

CJ  <D 

p  cl 
a  -p 
B  ja 

CO  O 
•p  p 

co  < 


m 

oo 

o 


CH 

ai 

CP 


O  p 
o  CP 

- _ ,p 

CP 

-  vO 

CO  o 


CO 

CO 

o 

CJ 

co 


o 

m 


> 

►J 


•9 

•p 

<u 

a 

p  "d 

01 

n  9 

a 

-4  4 

0 

0  -i 

T3 

CO  CB 

c 

M  -p 

M 

r~  © 

01  it 


t 

n 

report 
ion , 

e  or 

£>  4 

V)  0) 

Cl  C 

p 

4 

9 

d 

4 

X 

rs 

C 

•H 

fU 

4J 

>f^ 

•P 

4 

P 

0 

P 

o 

u  oo  -a 

p  -p 

X 

vp  4  4  C 

O  P  — 1  4 

0  3 

X  c 

Cl 

H 

CQ 

-1 

CO 

*w 

VP 

03  r-4  *— • 

<D  ff) 

e  to  >  *h 
^3  C 

5S  *H 

Port 

(New 

u 

0 

e 

0 

X 

Rabat 

(New 

r-4 

•H 

3 

9 

U 

P 

P* 

u 

2 

ip 

8 

o 

o 

o 

p 

e 

01 

y> 

z 

£! 

o 

B 

00 

0) 

9 

•r-4 

w 

Z 

x; 

iJ 

/-S 

* 

o 

N 

o 

A 

o 

00 

o 

04 

N-p' 

»—4 

v— " 

4—1 

O- 

r< 

cu 

**  N 

vJO 

- 

VO  CO 

o 

on 

O  *~4 

U 

Vi 

(tf 

as 

c- 

fl 

cj 

•* 

u 

r— 4 

rC 

4J 

4-4 

n) 

i-» 

U-4 

u 

4J 

ro 

i—4 

u 

(ft 

44 

o 

c 

03 

<r 

r-4 

d) 

03 

O 

co 

u 

CN 

C 

3 


O 

.--4 


<! 

Cn 


CO 

ai 

c 

•p 

9 

O 

3 

0) 

Z 


O 

lA 

-t 


a 

4 

X 


cl 

o 


a> 

oo 

o 


01 

a) 

0  o. 
o  o 
Jd 
3  >p 
z  oi 
00 
«  o 

p  > 
ip 

ip 

in  O 


> 

pj 


CP 

o 

in 


d 

« 

B 

ip 

o; 

*3 


M 

01 

C 

•p 

9 

a 

3 

01 

z 

SP 


o  - 

O  CP 
ip  p  n 
G.  »  N 
-  -X>  00 
IflO  H 


z 


IP  u 

a>  p 

CO  18 

CO  CL 


p 

01 

4 

0 

o 


co 


p 

IP 


CO 

CO 


> 

co 


a 

0) 

p 

9 

o 

JZ 

o 

CO 


o 

vO 

in 


X 

4 

•P 

CO 


p 

01 

e 

jo 

0 

X 


2-40 


it 


4-1  05 

OP  IX 
p  05  05 

41  O  C  W 

O-  CL  CO  P 

>i  41  M 

H  M  4-i  B 


C5j  -  JO 

•  o  co 

05  O  ^ 


c  c 

■A  O  X 

0  -P  C 
CL  4-1  CO 
(0  r-4 
p  O  05 
0)  O  -P 

(1)  i-l 

.C  c 
0003  o 
•H  C 
X  CO 


O  ^ 

00  P  o  t) 

r-.  a)  ro  C 

h  Li  n  0) 


«  6  c 
P  Q>  P 
#  o  o 

C  X5 
<D  O  C 
00  O  03 
4-1  -H  C 
13  0  J-i  CO 
C  CO  ■ — • 
n)  C  45  14 

O  to  -H 
P  *P 
33  P  60 
00  tO  C 
•P  CJ  -P 
<0  O 
X 


r-<  X 

C  <U  • 

(5  0  ON 

C  C  X  cn 


m 

00  CO 
Cl  1"4 


I 

u 

p 

0  -  P 

C5u  C  O 
Q)  O 
p  -P  O 
u  HOT) 
4-4  «fl  CO  G 
O  U  H  d 
<55  ■— I  i-4 
<U  -A  05 

B  oo  >  -p 
to  C 
X 


/-"S 

cd 

C 

cd 

<u 

4J 

cd 

•H 

PQ 

•P  3 

c 

V-/ 

c  a 

flj 

cd 

o 

p  5 

cd 

o 

C  05 

*■“1 

w 

0)  Z 

nj 

C/5 

O 

PQ 

2-41 


UPPER  WIND  CLIMATOLOGY  OF  SOUNDING  STATIONS 


MiddLe  and  high  latitude  synoptic  meteorologists,  in  further¬ 
ing  their  understanding  of  day-to-day  changes,  refer  constantly  to 
i  ;  n  pressure  or  pressure-height  charts  and  are  particularly 

Lined  with  anomalous  departures  from  these  mean  charts.  The 
!>>■  ititude  synoptic  me  t  e  or  o  1  ogist  ,  on  the  other  hand,  seeking  to 
to  Lai  iaily  patterns  to  long  period  averages,  must  perforce 
compart  noptic  wind  fields  with  analyzed  charts  of  mean 
resultant  winds  and  steadiness.  Chapters  5  and  6  illustrate  how 
i  .  1 u 1  ,uch  comparisons  can  be,  enabling  meteorologists  to  see 
re  ectrj  in  ; :  s  a  p  a '  changes,  the  trend  in  synoptic  situations, 
in  -o  tpply  Lrtelli  .’ntly  the  concepts  of  climatology  and 
1  •  r s i  it  "nee  to  their  forecasting. 

Ideally,  an  atlas  o.  ''arts  depicting  month  mean  resultant 
winds  and  steadiness  over  the  tropical  Pacific  a>  utheast  Asia 

for  the  standard  levels  of  350  mb  (5000  ft),  70  0,000  ft), 

500  mb  ( 30,000  ft),  300  ml  ( 3  » , O00  ft),  and  20  000  ft) 

should  be  compiled  and  published.  As  a  substi  this  com¬ 
mendable  project,  which  is  beyori  rhu  scope  of  sent  report, 

monthly  mean  resultant  winds,  steadiness,  mean  z.  wind  speeds 

and  moan  wind  3po.cds  have  been  tabu.  :tod  on  pages  3-46  to  3-79  for 
34  sounding  stations  in  the  region. 

Although  periods  of  record  vary,  they  are  sufficiently  long 
(wth  me  exception)  to  provide  stable  averages.  The  exception 
ir  Christmas  Island  (91409).  During  the  three  years  observations 
ware  made,  the  upper  tropospheric  winds  in  early  summer  were 
light  variable  or  easterly.  For  the  same  months,  winds  from  an 
castor.  quarter  prevailed  further  west  at  Canton  Island  (91700). 
H'Wcvet  the  mean  resultant  high  tropospheric  winds  for  the  latter 
station,  encompassing  more  than  eight  years,  are  westerly  in 
early  summer.  The  discrepancy  arises  from  the  fact  that  in  some 
summers  high-level  westerlies  prevail  at  Canton  Island.  In  these 
same  years  at  the  same  levels,  it  is  probable  that  Christmas 
Island  experiences  westerlies  (see  figs  5-8  to  5-13). 

for  some  stations  (c.g.  Clark  Air  Base),  means  are  derived 
from  more  than  one  ascent  per  day,  but  for  others  (e.g.  the 
Australian  and  Fijian  stations),  from  not  more  than  one  ascent  per 
day.  For  Australian  and  Fijian  stations,  wind  speed  is  tabulated 
to  the  nearest  knot,  and  steadiness,  since  it  was  derived  from 
the  standard  vector  deviation,  to  the  nearest  5  per  cent. 

In  the  table  the  stations  are  listed  in  International 
numerical  order.  The  following  listing,  in  alphabetical  order, 
should  facilitate  reference. 


Station 

Number 

Latitude 

Longi tude 

Page 

Broome,  Australia 

94203 

I  7  0  5  7  '  S 

122° 13 ' E 

3-73 

Canton  Island 

91700 

0 2 0 46  '  S 

1  7  1  0  4  3  ‘  W 

3-71 

Christmas  Island 

91489 

0  2  °  0  0  1  N 

1  5  7  °  2  3  '  W 

3-69 

Clark  Air  Base, 

983  2  7 

1 5  0 10 ' N 

1 20  0  34 ' E 

3-77 

Phi lippines 


Station 

Number 

Latitude 

Longitude 

Page 

Cloncurry , 

94333 

20°  40 ' S 

140  °  30 1 E 

3-76 

Australia 

Daly  Waters, 

94234 

16°  16 ' S 

1  3  3  0  2  3 ' E 

3-74 

Australia 

Darwin,  Australia 

94120 

1  2  0  2  6  '  S 

1  3  0  °  5  2  '  E 

3-72 

Eniwetolc  Atoll 

91250 

1 1 °  20 1 H 

1 6  2  °  2  0  '  E 

3-60 

Guam 

91213 

13°  34 'll 

144  °  5  5  1  E 

3-53 

Hilo,  Hawaii 

9123  5 

1 9  °  4  4  1 1 ! 

1  5  5  °  0  4  '  W 

3-62 

Hong  Kong 

45004 

2  2  0  1 9  '  N 

1  1 4  0  1 0  ’  E 

3-46 

I  wo  Jima 

91115 

2  4  °  4  7  '  i ! 

141  0  20  '  E 

3-55 

Johnston  Island 

91275 

16°44':': 

1  u  9  0  3  1  '  W 

3-61 

Kadena,  Okinawa 

4793  1 

2  6  °  2  r  11 

1  2  7  0  4  5  '  E 

3-51 

Kagoshima,  Japan 

47827 

3  1  0  3  8  1  N 

130°  36  '  E 

3-49 

Koror,  Palau 

91403 

0  7  0  2  r  N 

134°  29  '  E 

3-67 

Kwa  j  a  1  e  i  n 

91366 

03  0  4  3  1  N 

1 6  7  0  44  1  E 

3-65 

Lihue,  Kauai 

91165 

2  1  0  5  9  ’  IT 

1  5  9  0  2 1 '  W 

3-57 

Majuro 

91376 

0  7  °  0  6  1  i  1 

1  7  1  0  24  '  E 

3-66 

Marcus  Island 

91131 

2  4 6  1  7  1  N 

153  0  53  1  E 

3-56 

Midway  Island 

91066 

28°  13*11 

1  7  7  0  2  2  1  W 

3-54 

Nandi,  Fiji 

91630 

1 7°45  1  S 

1  7  7  0  2  7  '  E 

3-70 

Naze 

47909 

23 0  23 1  N 

1 29  °  3  3  ’  E 

3-50 

Ocean  ship  H 

30°  N 

140°  W 

3-78 

Ocean  ship  V 

34°  N 

164°  E 

3-79 

Ponape 

91343 

06  0  58 '  N 

1 5  3  °  1 3  '  E 

3-64 

Port  Hedland, 

94312 

20°  23 '  3 

1  13  0  3  7 1 E 

3-75 

Australia 

S ingapor e 

43694 

0 1  °  2  1 '  N 

103°  54’  E 

3-53 

Tateno,  Japan 

47646 

3  6  0  0  3 ' 11 

140  °  08  '  E 

3-47 

Tor i shima 

47963 

3  0 0  2  9  '  M 

140° 13'  E 

3-52 

Truk 

91334 

0  7  0  2  7  '  M 

15  1  0  50 1 E 

3-63 

Wake  Island 

91245 

19  0  1 7  '  N 

1 6  6  0  3  9  '  E 

3-59 

Yap 

91413 

09  0  3  1 1  N 

1 3  3  °  03 ' E 

3-63 

Yonago,  Japan 

4  7  744 

3  5  0  2  6  '  M 

1  3  3  °  2  1 '  E 

3-48 

(NOTE:  Page  numbers  3-44  and  3-45  inadvertently  omitted) 
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13  .  1 

17.7 
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269 

12.5 

53 

12.5 

23.5 

Ju  1 
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204 

5.7 

36 

2.3 

15.5 

365 

227 

4.5 

23 

3.5 

16.1 

Aug 

333 

241 

8.0 

44 

7.0 

18.1 

325 

254 

17.3 

69 

16.5 

25.1 

Sep 
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269 

13.1 

74 

13.1 

17.5 
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264 

35.4 

92 

35. C 

38.3 
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356 

275 

19.1 

85 

18.9 

22.4 
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49.4 

94 

49.0 
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90 
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97 
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c 
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98 
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97 
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136,8 
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155 

267 

100.0 

98 

99.3 

102.7 

85 

265 

128.0 

99 

127.1 

128.0 

Feb 

292 

270 

76.7 

98 

76.7 

78.3 

207 

271 

91.4 

97 

91.4 

94.1 

Mar 

294 

269 

66.6 

95 

66.6 

70,1 

206 

272 

84.6 

96 

84.6 

89.1 

Apr 

321 
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60.1 

91 

60.1 

64.7 

242 
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75.6 

94 

75.6 

80.6 

May 

298 
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46.5 

90 

46 . 5 

51.5 

244 
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54.0 

86 

54.0 

62.7 
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23.0 
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13.3 
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19.6 

326 

305 
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61.5 

69,9 

Oct 

286 

262 

85.8 

96 

84.5 

89.1 

146 

263 

101.0 

96 

99.6 

104.9 

Nov 

216 

265 

99.4 

97 

99.0 

102.1 

93 

2  6  6 

121.9 

98 

121.3 

124.4 

De  c 

3-49 


47909 


C  5  0  mb 


Mean 

resultant 

winds  and 

s  t.  e  a  d  i  - 

w  r 

c 

r*  si  n  r* 

Station: 

Naze 

(47909) 
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1  29  °  3  3  '  E 
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18.9 

M^r 

211 
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direction 

Vr» 

mean 

resultant 

wind 

speed 

246 

209 

7.6 

31 

3.9 

24.3 

Jul 

(  kn) 

248 

191 

7.0 

42 

1.4 

16.5 

Aug 

[)  a 

steadiness 

(  d  e 

r  ce  nt ) 

17  1 

129 

2.5 

15 
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09 

25.9 
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44.9 

95 
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47.2 
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83 

21.6 

26.7 
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260 
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93 

34.6 

37.9 
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21.0 

86 

17.5 

24.3 

235 

248 

24.5 

87 

22.4 

28.2 

Jun 

245 

218 

5.5 

39 

3.5 

14.0 
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242 

2.1 

16 

2.1 

13.8 
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4.1 

25 

0.9 

16.5 

244 
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4.5 

30 

0.4 

14.8 
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4.7 

29 

3.3 

18.  1 
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7.2 

33 
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21.6 
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10.9 

67 
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90 
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29.3 
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77 

15.9 

21.0 
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43.0 

95 
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113.9 

38 
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87 

261 

128.4 

98 

127.0 

131.9 
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209 
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90.2 

99 

90.2 

91.0 
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106.3 

93 

106.8 

108.8 

Mar 

191 
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63.6 

97 

68.2 

71.0 

179 
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78.6 

95 

78.6 

82.4 

Apr 

209 

264 

48.0 

89 

45.7 

54.0 

176 

2  74 

57.3 

91 

56.7 

62.7 

May 

215 

260 

28.2 

85 

27,8 

33.0 

194 

272 

29.9 

72 

29 . 7 

41.6 

Jun 

228 

049 

3  .  7 

23 

-2.7 

16.1 

206 

036 

9.9 

40 

-6.2 

20.6 
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233 

092 

4.  1 

24 

-4.1 

17.1 

2  13 
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6.6 

32 

-5.3 

20.8 

Aug 
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3.4 

36 

8.4 

23.2 
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10.1 

39 

8.0 

26.1 
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159 
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45.5 

95 

45.1 

47.6 

142 
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90 

47.0 

54.9 
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157 

2  54 

79 . 3 

96 

75.5 

32.1 
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98 

87.0 

92.9 
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156 
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97 
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108.7 
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Mean  resu  ltant 

winds  and 

s  t  c  a  d  i  . 

'  N 

0 

Vr 

s 

u 

c 

ness  at 

standard  pressure  levels. 

— 

Station: 

Kadena  (47931) 
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1  2  7  0  4  5  '  E 
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5.7 

16.4 
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-Feb  . 
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276 
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27.9 

90 

27.9 

31.1 
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5  7.2 

97 

57.2 

59.1 

Feb 

225 

272 

27.8 

94 

27.8 

29  .  5 

211 

2  72 

47.7 

9  6 

47.7 

49.5 

Mar 

215 

262 

20.9 

87 

20.7 

23.9 

207 

267 

34.4 

92 

34.3 

37.2 

Apr 

225 

254 

18.8 

90 

18.1 

20.9 

220 

264 

25.6 

93 

25.5 

27.6 

May 

220 

236 

16.9 

83 

14.0 

20.4 

215 

249 

18.0 

81 

16.8 

22.  1 

Ju  n 

237 

193 

4.5 

32 

1.0 

13.9 

234 

159 

1.9 

16 

-  0.7 

12.2 

Jul 

225 

171 

3.9 

27  . 

0.6 

14.4 

221 

135 

3.4 

24 

.  2.4 

14.3 

Aug 

233 

208 

2.5 

17 

1.2 

14.3 

2  30 

227 

2.9 

18 

2.1 

15.8 

Sep 

252 

5  4 

7.7 

57 

7.4 

13.5 

251 

256 

18.3 

82 

17.8 

22.2 

Oct 

229 

4 

13.7 

72 

13.6 

18.9 

230 

259 

33.7 

91 

33.1 

37.0 

Nov 

270 

111 

21.8 

87 

21.8 

25.0 

262 

264 

50.5 

96 

50.3 

52.7 

De  c 

300 

mb 
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mb 

N 

0 

Vr 

S 

u 

c 

N 

Q 

Vr 

S 

u 

c 

140 

264 

93.8 

98 

93.3 

95.6 

111 

263 

103.7 

98 

102.9 

105.  C 

Jan 

129 

265 

103. 1 

98 

102.6 

105.6 

86 

263 

105.9 

98 

105.2 

108.5 

Feb 

161 

270 

88 . 2 

98 

88.2 

90.3 

116 

270 

96.3 

96 

96.3 

100.4 

Mar 

181 

270 

59.1 

96 

59.1 

61.6 

164 

270 

70.5 

96 

70.  5 

73.3 

Apr 

208 

270 

35.7 

93 

35.7 

38.2 

203 

278 

42.8 

09 

42.3 

47.9 

May 

197 

263 

17,1 

71 

17.0 

24.1 

194 

283 

17.4 

57 

16.9 

30.3 

Jun 

213 

082 

7.4 

4  7 

.  7.3 

15.9 

208 

065 

13.8 

58 

_12.5 

23.8 

Jul 

209 

092 

7.8 

46 

-  7.7 

17.0 

208 

074 

9.6 

43 

.  9.2 

22.2 

Aug 

224 

294 

1.4 

08 

1.3 

16.7 

221 

307 

4.3 

19 

3.4 

22.1 

Sep 

236 

264 

30.4 

86 

30.2 

35.4 

230 

262 

34.8 

85 

34.5 

41.1 

Oct 

204 

260 

58 . 5 

95 

57.6 

61.5 

184 

257 

62.2 

94 

60.6 

6  6.0 

N  ov 

220 

263 

81.9 

97 

81.3 

84.2 

164 

263 

90.9 

97 

90.3 

93.3 

Dec 

'♦  7963 


Mean  ri'D'.i  I  turn  t  Imlii  unJ  h  t  uadi  — 
tU'  fl  *i  at  aUnJ.inl  preiinure  levels. 

Station  T  or  I  n  h  1  tn.i  <  4  7  )  <>  i ) 

3  0  *  9  '  1 1  ,  l'lO'iQ'i: 

Purl  i  tl  A  u  g  .  -  S  «•  p  r  .  1 ')  ’>  4  ,  M  a  y  -  Au  g, 

1  9  5  (>  ,  Oct.l9  56-Apr  1 '>  M  ;  J  u  r-. 
Aug  1  ') 5  0 

N  "  mi  rati  o  r  of  obourv.it  ion  n 
0  m  itu-  o  n  resultant  u  t  rul 
direct  Ion 

V  i  •  mean  resultant  wind  opcu  d  (Un) 

S  -  steadiness  (percent) 
u  ■  muon  7.onn  1  wind  speed  (ta,  L) 
c  ■  mean  wind  speed  (kn) 
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18.5 
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21.6 
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15.9 

74 

15.9 

21.6 

Fob 

9  ^ 

2  6C 

16.1 

73 

16.  1 

22 . 0 

Mar 

9  8 

262 

:  1.9 

72 

11.7 

16.5 

Apr 

9  1 

243 

1  •>  .  9 

66 

10.  7 

15.4 

Hay 

1  A  7 

250 

14.0 

6  9 

13.6 

20.2 

Jun 

1  5  4 

255 

10.6 

67 

10.  1 

15.7 

Jul 

185 

195 

4.5 

39 

1.2 

11.9 

Aug 

08 

188 

11.3 

62 

1.6 

18.  1 

Sop 

80 

225 

6 . 0 

45 

4.9 

15.0 

Oc  t 

89 

246 

6.0 

35 

5.5 

17.1 

Nov 

87 

263 

16.1 

04 

13.9 

19.  3 

Dec 

700  mb 
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u 

c 

t! 

0 

Vr 

S 

u 

c 

09 
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32.7 

94 

32.7 

34  .3 

89 

271 

58.3 

97 

58.3 

59.9 

Jan 

79 

264 

30.7 

93 

30.5 

32  .  9 

80 

265 

56.1 

98 

55.9 

57.5 

Feb 

93 

269 

28.0 

90 

28. G 

32.1 

93 

267 

53.2 

99 

53.0 

54.2 

Mar 

98 

265 

2  2.4 

87 

22.4 

25.7 

95 

266 

36.9 

96 

36.8 

38.5 

Apr 

91 

251 

10.5 

77 

18.1 

23.9 

87 

254 

28,6 

8G 

28.2 

32.7 

May 

147 

251 

23.0 

87 

21.8 

26.; 

146 

252 

30.7 

92 

29.1 

33.4 

Jun 

154 

258 

10.6 

63 

10.5 

16.7 

153 

276 

11.3 

61 

11.1 

18.5 

Jul 

185 

187 

6.2 

53 

.8 

11.7 

181 

165 

2.3 

21 

-  .4 

10.9 

Aug 

87 

204 

13.1 

64 

5.3 

20.4 

86 

217 

15.7 

60 

9.4 

23.2 

Sep 

88 

237 

14.6 

74 

12.3 

19.8 

88 

246 

29.3 

90 

26.5 

32.7 

Oct 

88 

251 

20.6 

85 

19.4 

24.1 

75 

250 

37.5 

85 

35.0 

43.7 

Nov 

87 

266 

29.9 

94 

29.9 

31.7 

87 

264 

60.4 

97 

60.1 

62.4 

Dec 

300 

mb 

200 

mb 

N 

O 

vr 

S 

u 

0 

■a 

u 

c 

62 

264 

97.8 

97 

97.2 

100.5 

88 

266 

112,0 

97 

111.8 

115.4 

Jan 

80 

262 

100.5 

97 

99.5 

103.0 

79 

262 

116.4 

98 

115.0 

118.4 

Feb 

93 

267 

83.8 

97 

83.8 

86.1 

93 

268 

101.5 

97 

101.5 

104.2 

Mar 

92 

268 

54.0 

94 

53.6 

57.3 

92 

2  70 

70.1 

94 

70.1 

74,4 

Apr 

85 

263 

38.3 

91 

37.9 

42.0 

79 

269 

45.5 

91 

45.5 

49.6 

May 

144 

256 

34.4 

91 

33.6 

37.  7 

141 

262 

36.8 

83 

36.6 

44.3 

Jun 

152 

305 

10.9 

51 

8.8 

21 .  2 

150 

337 

14.0 

50 

5.7 

27.8 

Jul 

182 

060 

3.9 

20 

-3.3 

19.1 

178 

052 

8.2 

34 

-6.2 

24.1 

Aug 

85 

241 

14.6 

64 

12.7 

22 . 8 

85 

281 

14,4 

54 

14.0 

26.9 

Sep 

87 

251 

42.7 

88 

40.1 

48.4 

84 

253 

46.5 

80 

45.7 

57.7 

Oct 

69 

250 

67.8 

91 

62.9 

74.8 

66 

253 

82,3 

90 

78.2 

84,0 
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87 

261 

91.4 

93 

90.2 

98.  2 

85 

263 

107.9 

97 

107.1 

111.0 

Dec 

3-52 
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Moan  resultant  wind*  and  s  t »;  a  d  1  - 
neat  at  standard  pressure  levels. 

Station:  Singapore  (486V.) 

01*2  1  'K.  103* 54' E 

Period:  Feb.  1955-Jan.  1959 

N  •  number  of  ob nervations 
0  -  mean  resultant  wind 
direction 

V  r  •  mean  resultant  wind  n c  v  d 
(  kn) 

S  -  steadiness  (percent) 
u  ■  mean  zonal  wind  speed 
(kn,  E-) 

c  »  mean  wind  speed  (kn) 
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Mean  reoultcnt  wind#  and  s  t  <:  n  d  i  - 
no«i  at  atandnrd  pressure  love  la. 

Station:  Iwo  ’  ' ma  (91115) 

2  4  *  A  7  1  N  ,  U  1  *  i. 

Period:  July  19  4  9  April  1051, 

Aur.  195UF«b.  1952;  A.  r.  19 52 -  r' ay 
1  95  3;  A.t,  1953-  Dec.  V,  I;  Feb.  1959- 
A  p  r  .  ’  '  0  9 

N  •  number  oi  oh  «  c  r  v  n  '  1  '  i,  n 
0  •  m  n > i  rogul  nt  w  dir  ect  lor, 
Vr«  m  nn  r  'sultant  .  ’  d  apeed  (kn) 

3  -  steadiness  (percent) 

u  -  mean  tonal  wind  speed  (kn,  C-) 
c  -  mean  wind  speed  (kn) 
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Moan  rciu  llurt  w  1  n  d  a  anJ  n  t  e  a  <1 1  . 
noon  at  ntnndard  pressure  levels 

Station’  Marcun  1  a  l  .i  n  <1  91131) 

2  4  *  1  7  '  II ,  l  5  3  °  5  C  '  F 
Period:  Sept.  1952-Aug.  1955; 

Oct..  1936  - Aug.  1950 

M  «  number  of  observations 
0  *  mean  rcoultsnt  wind 
direct  Ion 

Vv»  mean  resultant  wind  speed  (,i<n) 

S  •  fltcndincss  (percent) 
u  ■  mean  zonal  wind  opeed 
(kn,  E-) 

c  =  mean  wind  speed  (kn) 


N 

0 

Vr 

S 

u 

c 

3  7  l 

266 

8 . 0 

6  6 

8.0 

13.3 

Ja  n 

3  12 

.»  5  5 

6  .  2 

3  9 

6.0 

13.9 

Feb 

3  6  d 

160 

1  .  9 

14 

-0.8 

14.0 

Mar 

350 

1  50 

5  .  1 

4  4 

-2.5 

11.9 

Apr 

370 

14  1 

5.7 

5  3 

-3.5 

10.7 

May 

3  50 

142 

4  .  1 

4  0 

-2  .  3 

10.  1 

Jun 

371 

14  7 

5  .  C 

49 

-2.3 

11.9 

Jul 

35  1 

121 

7 .  7 

57 

-6.4 

11.7 

An  c 

284 

107 

9.9 

73 

-9.4 

13.6 

Sep 

368 

119 

8.4 

61 

-7.2 

13.6 

Oct 

3  5  0 

123 

6.0 

47 

..5.1 

12.9 

Nov 

363 

155 

0.9 

07 

0.0 

14.8 

Dee 

700 

mb 

500 

mb 

N 

0 

Vr 

S 

u 

c 

N 

0 

Vr 

S 

u 

c 

363 

2  7 1 

23,0 

92 

23.0 

24.9 

354 

270 

48.2 

96 

48.2 

50.5 

Jan 

330 

26  5 

20.6 

83 

20.6 

24.9 

328 

269 

48 . 2 

95 

40.2 

50.9 

Feb 

371 

262 

12.7 

70 

11.9 

18.1 

368 

270 

31.7 

90 

31.7 

35.4 

Mar 

358 

238 

5.5 

41 

4.5 

13.3 

359 

269 

17.3 

77 

17.3 

22.4 

Apr 

372 

163 

3.1 

31 

-0.9 

10.1 

367 

264 

4.  1 

31 

3.9 

13.3 

May 

356 

133 

2.5 

25 

-1.9 

10.5 

357 

160 

0.9 

00 

-0.6 

12.3 

Jun 

372 

126 

5.1 

4  3 

-2.7 

11.7 

369 

080 

2.7 

23 

-2.5 

11.9 

Jul 

351 

114 

6.0 

47 

-5.5 

12.9 

348 

092 

4.9 

40 

-4.9 

12.3 

Aug 

284 

107 

9.0 

69 

-8.6 

13.1 

286 

095 

9.6 

65 

-9.4 

14.8 

Sep 

370 

121 

5.1 

40 

-4.3 

12.7 

366 

101 

3.9 

20 

-3.9 

13.8 

Oct 

35  5 

192 

3.1 

25 

+0.4 

12.5 

353 

249 

9.4 

52 

8.8 

17.9 

Nov 

359 

263 

10.9 

60 

10.7 

18.1 

359 

271 

30.1 

80 

30.1 

34.0 

Dec 

300 

mb 

200 

mb 

N 

0 

Vr 

S 

u 

c 

I! 

0 

Vr 

S 

u 

c 

265 

273 

68.4 

99 

67.8 

69.2 

100 

278 

£8.0 

98 

67.4 

69.2 

Jan 

254 

275 

68.8 

96 

68.6 

69.8 

205 

273 

72.7 

94 

72.5 

77.4 

Feb 

337 

276 

53.4 

84 

53.0 

63.0 

299 

275 

71.5 

94 

70.5 

76.4 

Mar 

3  54 

271 

32.7 

85 

32.7 

38.3 

312 

287 

43.3 

04 

42.6 

51.5 

Apr 

357 

293 

9.2 

47 

8.0 

19.3 

345 

304 

12.3 

45 

10.7 

27.2 

May 

350 

074 

2.9 

18 

-2.3 

16.1 

337 

050 

8.4 

36 

-6.8 

23 . 3 

Jun 

353 

04  7 

>5.1 

33 

-2.3 

15.4 

338 

034 

10.9 

45 

-6.0 

24.3 

Jul 

328 

049 

7.0 

46 

-5.3 

14.4 

316 

023 

10.9 

42 

-4.3 

26.3 

Aug 

258 

075 

9.7 

52 

-9.4 

10.6 

231 

050 

11.9 

42 

-9.0 

27.8 

Sep 

341 

091 

1.9 

11 

-1.9 

13.  1 

310 

347 

0.9 

04 

0.2 

23.3 

Oct 

330 

269 

13.4 

60 

13.4 

22.2 

310 

292 

19.1 

67 

17.5 

28.6 

Nov 

301 

275 

41.8 

91 

41.6 

45.7 

245 

284 

44.1 

91 

42.9 

48.2 

Dec 

3-56 


9  1165 


C  5  0 

mb 

J 

Me  a  n 

resultant 

wi nd  3  and 

3  t  C  .1  d  1  . 

t  » 

0 

Vr 

S 

u 

c 

1 

neon 

a  t 

standard  pressure  level,".. 

*  - 

;*  3  5 

1  54 

2  .  3 

1  7 

.  1.0 

13.9 

Jan 

Station; 

Li  hue  (91165) 

2  1  6 

07  J 

3 . 0 

26 

3  .  6 

14.7 

Fob 

3  .1  *  5  9  *  N  , 

1  5  9  °  2  1  '  VI 

2  38 

064 

4  .  7 

3  6 

4  .  2 

13.0 

Ha  r 

F <  r 1 od  : 

Feb  . 

19  50 

-Dec. 

19.0 

2  J  6 

06  1 

9.0 

60 

7 . 9 

13.2 

Apr 

N  « 

n  umber  of 

i>6  a  e  r  v  a  t  t  o  i,  g 

30 

06  3 

10.5 

03 

.  9.4 

12.6 

May 

0  * 

mean 

resultant 

wind 

d  ire  ct  l<m 

2  64 

072 

13.0 

9  2 

12.3 

14.2 

J  u  n 

Vr- 

me  o  n 

resultant 

wind 

speed 

268 

07  1 

14.1 

9  5 

13.4 

14 . 9 

Ju  1 

( kn) 

269 

068 

13.4 

‘)0 

12.5 

14.9 

Aug 

S  - 

cj  t  c*  a  d  1  tv  n  3 

(percent  ) 

264 

06  9 

10.8 

34 

.10.1 

12.9 

Sep 

u  ■ 

mean 

zonal 

wind  apeen 

276 

069 

9  .  3 

70 

.9.1 

14  .  1 

Oct 

(  kn , 

F.  - ) 

288 

068 

7  .  7 

56 

.  7.2 

13.7 

Nov 

c  • 

mean 

wind 

speed  (kn) 

263 

068 

8.  1 

54 

.  7.5 

14.9 

Dec 

700 

mb 

500 

mb 

N 

0 

Vr 

S 

u 

c 

N 

0 

Vr 

S 

u 

c 

235 

244 

4.8 

30 

4.3 

15.8 

231 

273 

16.0 

65 

16.0 

24.5 

Jan 

216 

256 

2.1 

13 

2.0 

16 . 6 

213 

277 

13.4 

57 

13.3 

23.6 

Feb 

238 

255 

2.1 

14 

2.1 

14.  7 

236 

273 

13.0 

59 

13.0 

21.9 

Mar 

236 

072 

3.6 

28 

.  3.4 

12.7 

233 

285 

6.4 

40 

e .  2 

16.1 

Apr 

238 

068 

5.6 

52 

-  5.1 

10.8 

238 

291 

3.1 

25 

2.9 

12.6 

May 

263 

085 

9.7 

82 

_  9.7 

11.9 

263 

098 

3.6 

27 

-  3.6 

13.3 

Jun 

268 

087 

9.0 

76 

-  9.0 

11.9 

267 

212 

1.9 

16 

1.0 

12.0 

Jul 

268 

084 

6.1 

58 

-  6.1 

10.5 

267 

254 

3.9 

35 

3.7 

11.3 

Aug 

263 

071 

6.8 

62 

.  6.5 

10.9 

264 

261 

1.9 

17 

1.9 

11.3 

Sep 

275 

080 

5.6 

43 

-  5.6 

12.9 

275 

013 

0.4 

03 

.  0.1 

13.8 

Oct 

287 

064 

3.1 

24 

.  2.8 

13.0 

281 

321 

4.6 

29 

2.9 

15.9 

Nov 

258 

071 

2.3 

15 

-  2.1 

14.9 

255 

295 

10.0 

44 

9.1 

22.5 

De  c 

300 

mb 

_20£ 

mb 

N 

0 

Vr 

S 

u 

c 

N 

0 

Vr 

S 

u 

c 

211 

289 

37.0 

78 

35.1 

47.7 

166 

289 

49.6 

86 

46.9 

57.9 

Jan 

184 

284 

35.3 

76 

34.3 

46.5 

155 

284 

53.6 

83 

52.0 

64.2 

Feb 

216 

272 

36.8 

83 

36.7 

44.6 

173 

275 

58.2 

87 

58.0 

66.8 

Mar 

231 

273 

24.9 

73 

24.8 

34.3 

215 

274 

46.3 

86 

46,2 

54.1 

Apr 

232 

267 

17.4 

63 

17.3 

27.8 

224 

266 

32.6 

77 

32.5 

42.3 

May 

263 

266 

8.0 

32 

8.0 

25  . 

258 

264 

21.8 

59 

21.7 

36.9 

Jun 

265 

256 

21.1 

75 

20.5 

2  ) 

257 

259 

34.6 

84 

33.9 

41.0 

Jul 

266 

259 

22.9 

85 

22  .  5 

.  1 

267 

262 

35.7 

87 

35.4 

41.1 

Aug 

261 

257 

14.3 

57 

14  .  - 

3.0 

259 

262 

24,4 

70 

24.2 

34.9 

Sep 

271 

271 

10.5 

42 

10  1 

24.3 

259 

271 

21.1 

63 

21.1 

33.6 

Oct 

271 

290 

15.0 

5-v 

1  c 

28.4 

233 

291 

23.0 

61 

21.5 

37.7 

N  ov 

239 

290 

28.0 

6  x 

.  3 

40.4 

213 

291 

40.1 

79 

37.4 

50.8 

De  c 

3-57 
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13  30  mb 


Mean  r  <  i  u  l  t  a  r.  t  ul  adi  .i  tu3  y  t  <  a  I  1  - 

»  • 

lie  a  n  at  n  t  ,'i  nl  i  r  d  p  r  i  u  ii  u  i  l  1  c  v<I  i. 


Station:  Cum  (7121  > ) 

(.  rj  >. 

OB  13 

1"  .  ! 

92  -19.7 

21.5 

Jan 

l  3°  3'* '  N  .  1  4  4  5  j  '  F 

9 

09  3 

91  -10.5 

20.4 

Feb 

Period.  I  u  1  v  1  9  4  9  - 1 ■  b  .  1  )  9  «') 

:  1.1 

09  1 

i  .  < 

94  -13.8 

20.  1 

Mar 

(>  >  cy 

o9 ; 

1  >  .  7 

94  -10.6 

20.0 

Apr 

!J  ■  nurnbi i  of  obnervatl  unn 

7  J4 

09  8 

16.7 

91  -16.1 

17.8 

May 

0  •  mean  resultant  wind 

6  90 

1  01 

16.5 

91  -16.1 

10. 0 

Jun 

direction 

Vr-  mean  resultant  wine*  i  <1  (kn) 

675 

100 

10.7 

7  0  -10.2 

13.6 

Jal 

S  -  u  t<  jdlncua  (percent) 

664 

1  2  7 

0 . 6 

50  -  6.9 

14.8 

Aug 

6  79 

116 

7.6 

53  -  6.8 

14.3 

Sep 

u  »  mi  an  zonal  wind  speed 
(kn,  C-) 

748 

107 

9.9 

69  _  9.4 

14.3 

Oct 

742 

099 

10.7 

8C  -13.4 

21.3 

Nov 

c  •  mean  wind  upeed  (kn) 

749 

090 

20.0 

0  7  ..7/>.0 

23.0 

Dec 

700 

n.b 

500 

mb 

0 

Vr 

S  U 

c 

N 

0 

Vr 

S 

u 

c 

651 

091 

14.2 

87  -14.2 

16.4 

640 

101 

11.3 

77 

-11.6 

15.3 

Jan 

654 

096 

12.0 

79  .12.0 

15.3 

661 

099 

9.9 

67 

-  9.3 

14.7 

Feb 

724 

CC9 

11.8 

33  11.8 

14.2 

700 

032 

0.8 

6a 

-  8.7 

13.7 

Mar 

683 

094 

11.8 

03  -11.7 

14.2 

681 

005 

8.3 

63 

-  3.2 

13,0 

Apr 

735 

097 

9 . 6 

79  -  9.6 

12.2 

726 

077 

6.2 

54 

-  6.1 

11.5 

May 

696 

102 

12.9 

87  -12.6 

14.3 

695 

099 

11.5 

79 

-11.4 

14.5 

Jun 

6  70 

107 

9.6 

7  5  ..  9.1 

12.3 

660 

100 

0.4 

66 

-  8.3 

12.8 

Jul 

656 

121 

9.0 

61  -  7.7 

14.6 

634 

112 

9.9 

65 

-  9.2 

15.2 

Aug 

682 

112 

8.1 

58  -  7.5 

13.9 

665 

107 

8.3 

59 

-  8.0 

14.0 

Sep 

746 

109 

9.4 

69  -  8.9 

13.7 

730 

101 

9.2 

65 

-  9.1 

14.2 

Oct 

737 

099 

16.6 

85  -16.4 

19.4 

722 

095 

17.8 

84 

-17.7 

21.1 

Nov 

737 

092 

16 . 5 

84  -16.5 

19.7 

721 

095 

15.7 

80 

-15.7 

19.7 

Dec 

300 

mb 

200 

mb 

N 

m 

Vr 

S 

u 

c 

N 

0 

Vr 

S 

u 

c 

611 

105 

5  .  1 

42 

-  4.9 

11.9 

578 

181 

3.7 

29 

0.0 

13.0 

Jan 

636 

113 

1.7 

14 

-  1.5 

11.9 

617 

214 

5.4 

36 

3.0 

14.9 

Feb 

678 

310 

3.3 

24 

2.5 

13.4 

645 

247 

9.2 

51 

8.4 

17.9 

Mar 

644 

306 

6.4 

37 

5.2 

17.3 

608 

286 

11.9 

55 

11.5 

21.7 

Apr 

709 

319 

5.0 

31 

3.3 

16.1 

682 

282 

14.8 

58 

14.5 

25.5 

May 

664 

074 

2.3 

15 

-  2.2 

15.4 

647 

274 

5.0 

24 

5.0 

20.8 

Jun 

6  34 

074 

5.0 

36 

-  4.8 

13.9 

611 

062 

5.6 

29 

-  5.0 

19.5 

Jul 

591 

092 

7.0 

48 

-  6.9 

14.5 

563 

057 

8.1 

30 

-  6.9 

21.2 

Aug 

640 

076 

4.7 

36 

-  4.5 

13.0 

606 

036 

5.5 

30 

-  3.2 

18.6 

Sep 

680 

09  1 

4.4 

29 

-  4.4 

15.0 

650 

051 

2.6 

13 

-2.1 

20.2 

Oct 

679 

084 

12.5 

65 

-12.4 

19.2 

616 

078 

7.7 

38 

-  7.5 

20.2 

Nov 

676 

C88 

10 . 0 

61 

-10.0 

16.5 

639 

090 

5.2 

33 

-  5.2 

15.7 

Dec 

3  50  -1 


')  1  2  4  5 


Mean  resultant  wind  a  and  a  Lead!  - 
ncou  at  standard  pressure  levels. 


Station.  Wake  I  a  1  .i  r  d  (  9  1  2  4  '» ) 

1  9  0  1  7  •  N  ,  1 6  6  °  3  9  1  i: 

Period:  July  1  9  4  9  _  [)  c  c  .  1953 

M  «  number  of  observations 
0  "  mean  result  ant  wind 

direct  ion 

Vr-  mean  resultant  wind  speed 
(  kn) 

S  “  steadiness  (percent) 
u  -  mean  zonal  wind  speed  (kn,  E- 
c  =  mean  wind  speed  (kn) 


2  '1  .  nr.  i 

2  1  nw, 
2  3  ‘I  v)  9  9 
2  5  9  0  9  2 
2  7/  0)6 

2  9'.  O'j  4 

3  0  7  1  00 
304  100 
284  00  7 
269  100 
26  7  09  1 
273  089 


Vr 

6  .  0 
7.0 
11.1 
.4.3 
14.6 
1  2  .  d 

1  2 . 4 

11.9 
11.4 
11.0 
1  4 . 2 
10.2 


s 

u 

49 

6  . 

0 

5  6 

7. 

0 

7  7 

1  1  . 

0 

90 

-  14  . 

2 

9  4 

14  . 

5 

9  1 

1  2  . 

8 

9  2 

.12. 

2 

0 

1  1  . 

7 

<  C 
•  J 

1  1  . 

J 

73 

-11. 

7 

3  5 

14  . 

2 

7  1 

10  . 

2 

c 

’4.1 

12.5 

14.3 
13.0 

13.6 

14.1 

13.4 

13.2 
13.' 

15.2 

16.7 

14.4 


.)  a  n 
1  e  b 
Mar 
A  p  r 
May 
J  u  n 

lu  1 
Au  fj 
Sep 
Oct 
M  av 
Dc  c 


700 

mb 

500 

mb 

N 

0 

Vr 

S 

U 

c 

fl 

(■) 

Vr 

S 

u 

c 

235 

32  1 

2.9 

20 

1.9 

14.  7 

224 

298 

14.0 

63 

12.3 

22.3 

Jan 

218 

307 

2.9 

21 

2.3 

13.6 

220 

239 

15.5 

74 

14.6 

2  1.0 

feb 

243 

070 

4.7 

3  9 

-  4.5 

11.9 

239 

3  04 

11.9 

6  1 

9  .  3 

19.5 

Mar 

252 

084 

9.5 

73 

-  9.4 

13.  1 

248 

359 

3  . 

3  1 

9  .  1 

12.7 

Apr 

277 

090 

12.' 

81 

-10.9 

13 . 4 

271 

073 

6 

50 

b  .  4 

13.3 

May 

264 

090 

11.8 

86 

-11.8 

13.8 

260 

084 

( 

72 

9.8 

13.6 

Jun 

306 

097 

9.4 

7  0 

-  9.4 

11.9 

300 

089 

3.2 

23 

-  3.2 

11.5 

Ju  1 

290 

099 

8.7 

79 

-  8.6 

11.0 

290 

092 

3.5 

34 

-  3.5 

10.2 

Aug 

283 

092 

9.2 

7f 

-  9.2 

12.  1 

274 

039 

7.4 

62 

-  7.4 

11.9 

Sep 

268 

098 

9.7 

68 

-  9.6 

14.3 

260 

087 

6.6 

43 

-  6.6 

15.3 

Oct 

267 

089 

11.1 

72 

-11.1 

15.5 

263 

072 

9.9 

56 

-  9,4 

17.3 

i'l  O  V 

272 

069 

5.0 

36 

-  4.7 

13.9 

268 

324 

5.7 

31 

3.4 

18 . 2 

Dec 

306 

1  mb 

200 

mb 

N 

G 

Vr 

S 

u 

c 

H 

9 

Vr 

S 

u 

c 

196 

292 

29.5 

89 

27.4 

33.3 

169 

286 

31.6 

87 

30.4 

36.2 

Jan 

198 

293 

34.4 

88 

31.7 

38.9 

163 

286 

37.8 

39 

36.4 

42.7 

Feb 

206 

288 

38.2 

84 

36.4 

4  5.6 

166 

280 

48 . 5 

92 

47.7 

52.9 

Mar 

232 

300 

21.5 

72 

18.6 

29.8 

218 

2  84 

33.5 

81 

37.6 

47 . 3 

Apr 

262 

298 

8.3 

33 

7  .  3 

21.8 

254 

278 

24.5 

56 

24.2 

37.4 

May 

252 

070 

8.0 

41 

.  5 

19.5 

246 

009 

4.9 

19 

-  0.8 

26.1 

Jun 

288 

299 

5.8 

31 

5.1 

18.9 

285 

29  7 

13.2 

43 

11.8 

30.6 

Ju  1 

271 

300 

5.0 

31 

4.3 

16.2 

261 

29  2 

12.2 

46 

11.3 

26.6 

Aug 

264 

017 

2.9 

16  . 

0.9 

18.0 

257 

308 

8.4 

32 

6.6 

26  .  3 

Sep 

2  58 

360 

3.6 

17 

0.0 

20.9 

250 

312 

9.0 

33 

6.7 

27.  1 

Oct 

255 

026 

5.4 

24  - 

2.4 

22.9 

247 

333 

7.0 

27 

3.1 

25  .  7 

N  ov 

240 

310 

14.4 

56 

11.1 

25.6 

224 

299 

18.7 

66 

16.4 

28.3 

Dec 

91250 


8  50  mb 


Mean  resultant  winds  and  steadi¬ 
ness  at  standard  pre  nnurc  love  la. 

Station'  Knlvetok  Atoll  (91250) 

1  1  *  2  0 ' M  ,  162*20*1 

Period  Mov,  19 *  >- Dee.  1949; 
Apr.  1950-Dec..  1955;  Jan. -Feb. 

1956;  Jan.  1957. Feb.  1958 


tl  «*  number  of  observations 
0  ■=  mean  resultant  wind 
direction 

Vr«*  mean  resultant  wind  speed  (kn) 
S  ■  steadiness  (percent) 
u  ■  mean  zonal  wind  speed  (kn,  11-) 
c  ■  mean  wind  speed  (kn) 


'  11 

0 

Vr 

S  u 

c 

521 

084 

19.0 

93  -18.  > 

20.5 

Jan 

540 

087 

18.6 

95  -18.5 

19.6 

Feb 

508 

085 

17.0 

91  -17.0 

18.7 

Mar 

505 

089 

16.6 

96  -16,6 

17.4 

Apr 

547 

096 

15.8 

90  -15.7 

17.6 

May 

408 

094 

16.5 

94  -16.4 

17.6 

Tun 

606 

098 

15.0 

89  -14.9 

16.2 

Jul 

636 

100 

13.7 

89  -13.5 

15.3 

Aug 

556 

099 

11.8 

86  -11.7 

13.7 

Sep 

599 

100 

12.1 

84  -11.9 

14.3 

Oct 

590 

096 

18.  2 

93  -18.2 

19.7 

Nov 

587 

089 

16. 8 

88  -16.8 

19.1 

Dec 

700  mb  500  mb 


N 

0 

Vr 

S  u 

c 

N 

0 

Vr 

S  u 

c 

5  12 

088 

14.4 

86  -14.4 

16.7 

505 

084 

16.  7 

82  -16.6 

20.4 

Jan 

537 

09  1 

12.5 

84  -12.5 

14.9 

533 

086 

14.0 

77  -14.0 

18.1 

Feb 

509 

084 

8.9 

67  -  8.9 

13  .  2 

489 

061 

6.8 

45  -  6.0 

15.2 

Mar 

504 

038 

7.3 

66  -  7.3 

11.0 

491 

076 

4.4 

39  -  4.3 

11.4 

Apr 

546 

101 

8.2 

72  -  8.1 

11.4 

517 

109 

1.9 

16  -  1.8 

10.7 

May 

399 

097 

13.1 

88  -13.0 

14.8 

362 

092 

10.1 

77  -10.0 

13.0 

Jun 

604 

099 

12.1 

89  -12.0 

13.6 

523 

095 

9.1 

74  -  9.1 

1  *  .3 

Jul 

637 

101 

13.4 

91  -13.2 

14.8 

598 

099 

12.9 

89  -12.7 

14.5 

Aug 

552 

102 

11.2 

84  -10.9 

13.3 

521 

096 

9.7 

74  -  9.7 

13.1 

Sep 

597 

099 

11.2 

83  -11.0 

13.5 

572 

095 

10.0 

71  -10.0 

14.0 

Oct 

590 

096 

15.0 

88  -14.9 

17.0 

573 

092 

13.9 

74  -13.9 

18.9 

Nov 

580 

088 

12.2 

75  -12.1 

16 . 3 

558 

082 

13.1 

64  -13,0 

20.6 

Dec 

300 

mb 

200 

mb 

N 

0 

Vr 

S 

u 

c 

il 

Vr 

u 

c 

494 

069 

6.7 

42 

-  6.3 

15.8 

479 

111 

1.4 

08 

-  1.3 

16.9 

Jan 

522 

050 

3.6 

26 

-  2.7 

13.8 

503 

252 

2.0 

13 

1.9 

15.4 

Feb 

467 

297 

6.7 

43 

5.9 

15.5 

435 

260 

12.4 

65 

12.1 

19.2 

Mar 

468 

273 

13.6 

57 

13.6 

23.8 

445 

266 

20.5 

72 

20.5 

28.5 

Apr 

464 

264 

15.1 

70 

15.0 

21.5 

426 

263 

24.5 

81 

24.3 

30.3 

May 

317 

292 

2.8 

17 

2.6 

16.4 

296 

264 

12.2 

54 

12.2 

22.7 

Jun 

463 

284 

4.5 

34 

4.4 

13.2 

427 

264 

10.9 

54 

10.8 

20.1 

Ju  1 

548 

120 

3.6 

29 

-  3.1 

12.4 

512 

247 

1.3 

08 

1.2 

16.6 

Aug 

479 

109 

0.7 

06 

-  0.7 

11.6 

454 

269 

4.1 

24 

4.1 

17.3 

Sep 

531 

017 

1.7 

11 

-  0.5 

15.4 

512 

299 

5.5 

26 

4.8 

21. U 

Oct 

552 

055 

0.7 

04 

-  0.6 

17.4 

523 

268 

6.9 

34 

6.9 

20.5 

Nov 

527 

034 

3.5 

19 

-  2.0 

18.4 

495 

271 

4.8 

26 

4.8 

18.5 

Dec 

I 


3-60 


91275 


0  50  mb 

Mean  resultant  winds  and  stead  1  - 

■  N 

0 

V  r 

S  u 

c 

n  6  o  o  ii  8  l  a  nae  r  a  prcBouri'  n.  vliui 

Station:  Johnston  Island  (91275) 

585 

1  08 

8  .  2 

54  -  7.8 

15.1 

Jan 

16°44'N,  169 0  3  1 ' W 

630 

03  9 

10.9 

73  -10.9 

14.9 

Feb 

Period:  Jar.  )950-Aug.  1958 

709 

083 

10.6 

70  -10.6 

15.2 

Mar 

720 

039 

14.8 

09  -14.8 

16.7 

Apr 

N  •  number  of  observations 

771 

006 

15.7 

94  -15.6 

16.7 

Moy 

0  -  mean  resultant  wind 

661 

000 

17.4 

95  -17.3 

18  .  3 

J  un 

direction 

772 

089 

16.4 

o 

1 

CT' 

• 

17.3 

Jul 

Vr«  mean  resultant  wind  speed  (kn) 

76  3 

08  9 

16.9 

95  -16.9 

17.8 

Aug 

S  -  steadiness  (percent) 

625 

086 

13.6 

92  -13.6 

14.8 

Sep 

u  ■  mean  tonal  wind  speed 

633 

087 

14.  1 

89  -14.1 

15.9 

Oct 

(kn,  E -) 

620 

090 

15.1 

87  -15.1 

17.3 

N  ov 

c  *»  mean  wind  speed  (kn) 

622 

097 

13.0 

73  -12.9 

17.9 

Dec 

700 

mb 

500 

mb 

N 

0 

Vr 

r* 

J 

u 

c 

N 

0 

Vr 

S 

u 

c 

589 

147 

1.4 

09 

0.8 

14.8 

570 

284 

9.3 

41 

9.0 

22 . 6 

J  an 

632 

065 

4.6 

36 

4.1 

12.8 

620 

315 

10.9 

54 

7.7 

20. 2 

Feb 

704 

043 

2.8 

24 

1.9 

12.0 
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uL'jn  result  ant  winds  and  s  t  e  a  d  i  . 
n<  ss  ul  standard  pressure  levels 

Scat  ion:  Majuro  (9  1  3  76  ) 

0  7  0  6  1  M  ,  1  71°  24'  E 

Period:  Sept.  1952-Nov.  1952; 

Feb.  19  6  5. .Feb.  1958 
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Mean  resultant  winds  and  steadi¬ 
ness  at  standard  pressure  levels 

Station:  ICoror  (91408) 

0  7 °  2 1 1 M ,  134°  29 1 E 

Period:  Sept.  1950-Apr.  1951; 

July  19  5  1 -Feb .  1958 

N  =  number  of  observations 

0  =  mean  resultant  wind 
direction 

Vr=  mean  resultant  wind  speed  (kn) 

S  =  steadiness  (percent) 
u  a  mean  zonal  wind  speed  (kn,  E-) 
c  <=  mean  wind  speed  (kn) 
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resultant  winds  and  s  t  e  a  d  i  - 
;  at  standard  pressure  levels, 

cation:  Yap  (91413) 

0  9  °  3  1 '  M  ,  1  3  3  0  0  8  '  E 
Pec . od:  Jan,  1950_Apr.  1951; 
June  19  51;  Aug.  195l-Feb.l9  50 

>i  =  number  o£  observations 
Q  =  mean  resultant  wind 
direction 

Vr~  mean  resultant  wind  speed  (kn) 

S  =»  steadiness  (percent) 
u  =  mean  zonal  wind  speed  (kn,  E-) 
c  =  mean  wind  speed  (kn) 
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Mean  resultant  winds  and  steadi¬ 
ness  at  standard  pressure  levels.- 

Station:  Nandi  (91680) 

1  7  0  4  5  '  S  ,  1  7  7  0  2  7  '  E 

Period:  Aug.  1945-Jan.  1946; 

Nov.  1948- Nov.  1950;  Jan. 

19  5  1 -Aug.  19  5  2 

M  =  number  of  observations 
0  =  mean  resultant  wind 
direction 

Vr=  mean  ■resultant  wind  speed  (kn) 

S  =  steadiness  (percent) 
u  a  mean  zonal  wind  speed  (kn,  E-) 
c  =  mean  wind  speed  (kn) 
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Mean  resultant  winds  and  steadi. 
ness  at  standard  pressure  levels 

Station:  Canton  Island  (91700) 
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M  <■  a  r  resultant  winds  and  steadi¬ 
ness  at  standard  pressure  levels.— 

Station-  Daly  Waters  (94234) 

L  6  0  1  L  ’  S  ,  1  3  3  °  2  3  •  E 

Period:  1  June  1951-31  Aug.  1955 

t J  =»  number  of  observations 
0  =  mean  resultant  wind 
direction 

Vr»  mean  resultant  wind  speed  (kn) 
S  =>  steadiness  (percent) 
u  •»  mean  zonal  wind  speed 
( kn  ,  E - ) 


C  “ 

mean 

wind 

s  p  e  e 

d  ( kn) 

700 

mb 

500 

mb 

N 

0 

Vr 

S 

u 

c 

N 

0 

Vr 

S 

u 

c 

1  10 

126 

15 

75 

-12 

20 

78 

113 

8 

50 

-  7 

16 

Jan 

88 

129 

16 

80 

-12 

20 

83 

120 

8 

55 

-  7 

15 

Feb 

108 

134 

14 

80 

-10 

18 

o  2 

147 

5 

40 

-  3 

13 

Mar 

n 

131 

9 

65 

-  7 

14 

76 

193 

5 

40 

1 

13 

Apr 

1 1  j 

150 

4 

30 

-  2 

13 

103 

262 

8 

45 

8 

18 

May 

144 

207 

2 

15 

1 

13 

131 

270 

li 

55 

11 

20 

Jun 

153 

234 

4 

30 

3 

13 

146 

275 

13 

60 

13 

22 

Jul 

153 

19  9 

3 

20 

1 

15 

144 

275 

13 

65 

13 

20 

Aug 

140 

169 

5 

40 

-  1 

13 

101 

270 

11 

55 

11 

20 

Sep 

140 

145 

7 

55 

-  4 

13 

105 

236 

7 

40 

4 

18 

Oct 

126 

124 

11 

70 

-  9 

16 

111 

180 

4 

30 

0 

13 

Nov 

140 

119 

13 

80 

-  11 

16 

95 

135 

4 

35 

-  3 

11 

Dec 

300 

mb 

200 

mb 

N 

G 

Vr 

S 

u 

c 

N 

9 

Vr 

S 

u 

c 

64 

279 

3 

20 

3 

15 

50 

286 

10 

50 

10 

20 

Jan 

80 

270 

1 

05 

1 

20 

72 

307 

5 

30 

4 

17 

Feb 

77 

253 

8 

55 

8 

14 

64 

275 

10 

55 

10 

18 

Mar 

73 

255 

17 

70 

16 

24 

65 

259 

21 

80 

21 

26 

Apr 

104 

263 

23 

80 

23 

29 

104 

258 

33 

85 

32 

39 

May 

143 

270 

25 

75 

25 

33 

104 

265 

32 

80 

32 

40 

Jun 

136 

275 

23 

75 

23 

31 

140 

270 

27 

75 

5  7 

36 

Jul 

135 

280 

22 

75 

22 

29 

126 

276 

24 

75 

24 

32 

Aug 

98 

275 

24 

80 

24 

30 

74 

275 

29 

80 

29 

36 

Sep 

87 

267 

20 

75 

20 

27 

91 

268 

28 

80 

23 

35 

Oct 

104 

270 

13 

60 

13 

22 

75 

273 

20 

75 

20 

27 

Nov 

79 

273 

9 

50 

9 

18 

96 

281 

15 

65 

15 

23 

De  c 

943  12 


050  mb 


Mean  resultant  winds  and  steadi¬ 
ness  at  standard  pressure  levels. 

Station:  Port  Hedland  (94312) 
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1 .  Introduction 


Over  this  region  it  is  convenient  to  identify  two  seasons. 
Winter  and  Summer,  each  of  about  four  months'  duration,  separated 
by  two  shorter  transition  seasons,  Spring  and  Autumn,  of  about 
two  months  each.  The  Northern  Hemisphere  winter  (Southern 
Hemisphere  summer)  Lasts  from  November  through  February,  the 
summer  (Southern  Hemisphere  winter)  from  May  through  August  with 
transition  seasons  occupying  March,  April  and  September,  October, 

In  a  normal  year  weather  during  the  transition  months  alternately 
resembles  summer  and  winter  conditions.  However,  in  abnormal 
years,  which  are  far  from  infrequent,  a  transition  period  may  have 
weather  indistinguishable  from  one  of  the  major  seasons. 

This  introduction  contains  a  warning;  namely  that  averages  for 
individual  months,  except  possibly  for  midwinter  or  midsummer 
months ,  'ften  differ  from  the  climatic  normals  for  those  months. 

The  climatic  picture  of  the  Pacific  and  southeast  Asia  is 
dominated  by  the  Pacific  anticyclone  and  the  Asiatic  Monsoons . 
Seasonal  variations  in  all  the  surface  elements  (winds,  pressure, 
temperature,  9ea  temperature,  cloudiness  and  rainfall)  are  least 
over  the  eastern  and  central  Pacific  and  in  general  (except  near 
the  equator)  increase  steadily  westward,  reaching  a  maximum  over 
southeast  Asia  in  the  far  west  of  the  region.  This  is  of  course 
to  be  expected  since  the  transition  is  from  an  oceanic  to  a  conti- 
nentally  dominated  climate.  Honolulu  and  Hong  Kong  are  both 
stations  near  sea  level  at  about  the  same  latitude.  Table  4-1, 
comparing  the  two  stations,  shows  that  a  wide  variety  of  climates 
can  occur  in  the  tropics  and  that  one  would  be  most  unwise  to 
generalize  on  the  basis  of  only  one  part  of  the  region.  The 
comparison  between  Honolulu  and  Hong  Kong  suggests  an  important 
axiom,  namely,  that  over  the  oceanic  tropica  far  removed  from 

Table  4-1.  Summer  and  winter  at  Honolulu  and  Hong  Kong. 


Mean 

Honolulu 

Jan  July  Range 

Jan 

Hong  Kong 

July  Range 

Air  Temperature 

(  °F ) 

71 

78 

7 

60 

82 

22 

Sea  Temperature 

(°F) 

74 

73 

4 

63 

77 

14 

Pressure  (mb) 

1016 

1017 

1 

1020 

1005 

15 

Rainfall  (mm) 

95 

31 

64 

32 

386 

354 

major  lana  masses,  winter  and  summer  climatological  charts  are 
recognizably  similar  to  one  another,  whereas  over  and  near  the 
continents,  there  is  no  resemblance. 


2.  Surface  air  temperature* 


Although  most  treatments  of  climatology  start  with  the 
pressure  and  wind  fields,  it  is  in  fact  the  field  of  temperature, 
deriving  directly  from  the  march  in  latitude  of  the  sun  at  its 
zenith,  which  determines  the  distribution  of  pressure  and  winds. 
However,  the  effect  of  the  sun's  variation  in  latitude  is  by  no 
means  uniform,  since  the  ocean's  heat  capacity  is  very  much 
greater  than  the  land's.  In  the  transition  from  winter  to  summer, 
the  land  heats  more  rapidly,  and  in  the  transition  from  summer  to 
winter,  cools  more  rapidly  than  the  ocean.  In  this  we  find  an 
explanation  for  a  greater  range  of  air  temperature  at  Hong  Kong 
where  the  land  effect  dominates,  than  at  Honolulu  which  has  an 
oceanic  climate. 

Over  the  eastern  and  central  Pacific  the  thermal  equator 
moves  probably  less  than  5°  latitude  away  from  the  geographical 
equator  throughout  the  year,  whereas  further  west  it  lies  over 
central  Australia  In  January  and  over  central  China  in  July,  a 
range  of  more  than  50°  latitude. 

3.  Surface  winds  and  pressures 


A  cursory  glance  reveals  that  the  mean  fields  of  surface 
temperature,  pressure  and  winds  are  closely  related  (fig  2-2  of 
PA).  The  thermal  equator  coincides  with  a  pressure  trough,  called 
by  some  meteorologists  the  i nt er t t op i ca 1  trough.  This  designation 
is  usually  erroneous  for  the  trough  is  seldom  the  meeting  zone  of 
air  from  opposite  hemispheres.  High  pressure  centers  are  displaced 
poleward  in  summer  and  equatorward  in  winter.  Again  the  greatest 
displacement  occurs  in  the  western  part  of  our  region.  For 
example,  along  the  meridian  of  130°E,  highest  pressure  in  January 
is  found  at  65°N  and  in  July  at  30®S,  whereas  along  170°W  two 
maxima  exist  throughout  the  year,  ranging  from  28°W  in  January  to 
35°N  in  July  in  the  Northern  Hemisphere,  and  from  32eS  to  20°S  in 
the  Southern  Hemisphere.  This  seasonal  variation  in  pressure 
distribution  is  reflected  In  the  wind  regimes.  Over  the  open 
oceans  the  trade  winds  and  doldrums  shift  poleward  in  the  summer 
and  equatorward  in  the  winter.  Over  southeast  Asia  the  strong  and 
persistent  winter  monsoon  flowing  around  the  intense  Asiatic  anti¬ 
cyclone  gives  way  in  summer  to  weak  and  fitful  southerlies.  A 
corresponding  but  less  marked  reversal  occurs  over  eastern 
Australia . 

4 .  Sea  t emper a t u r e a 


Open  ocean  surface  temperatures  vary  only  slightly  with  the 
seasons.  However,  over  the  western  ocean,  great  seasonal  changes 
in  the  wind  regime  produce  corresponding  changes  in  ocean  currents 
and  in  sea  temperatures.  In  winter,  the  strong  northeast  monsoon 
transports  cold  water  along  the  China  coast  setting  up  a  steep 
northwest  directed  sea  temperature  gradient.  This  distribution, 
as  later  chapters  show,  exerts  a  profound  effect  on  weather  proc¬ 
esses  over  southeast  Asia  and  the  western  Pacific  during  winter 
and  spring,  so  much  so  that  of  all  the  climatic  charts,  that  of 
winter  mean  sea  surface  temperature  is  the  most  important  (fig 
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Ill— 1)*.  ihe  winter  anticyclone  centered  over  Australia  produces 
a  similar  effect:  winter  sea  temperatures  off  the  east  coast  are 
10  to  L2°F  below  those  of  summer. 

5.  Clouds  and  rainfall 


:;oimal  cloud  and  rainfall  distributions  are  less  simply 
explained  than  distributions  of  the  variables  already  dealt  with. 
To  be  properly  useful,  cloud  classification  must  include  types 
as  well  as  amounts,  and  any  explanations  of  the  charts  must  take 
account  of  the  Interrelationships  of  air  and  surface  temp  iratures , 
wind  dire: ctfons  and  humidity  distribution. 

In  other  words,  one  should  discuss  the  climatology  of  clouds 
and  rain  synopt i ca  1  iy .  Thus  winter  distributions  can  be  better 
described  and  explained  at  the  end  of  the  section  on  the  winter 
monsoon  and  summer  distributions  at  the  end  of  the  section  on  the 
summer  monsoon. 

6.  The  large-scale  features  of  the  monsoons 


Low  levels.  Geography  and  climatology  texts  often  give  the 
impress  i"on  that,  in  the  As  ia-Aus  t  r  a  1  ia  monsoon  regions,  air  at 
low  levels  flows  massively  across  the  equator,  from  north  to  south 
in  the  northern  winter  and  from  south  to  north  in  the  northern 
summer.  This  notion  is  probably  valid  for  the  equatorial  Indian 
Ocean  west  of  65°E  where  mean  southward  flow  in  January  amounts 
to  10  kn,  and  mean  northward  flow  in  July  to  13  kn. 

Further  east,  however,  the  Asian  and  Australian  "branches"  of 
the  raoiisoons  are  essentially  confined  to  their  own  hemispheres 
and  are  not  associated  with  large-scale  persistent  trans-equatorial 
flow.  A  small  net  flow  crosses  the  equator  from  the  winter  to 
the  summer  hemisphere  (means  for  January  and  July  =  5  kn)  through 
the  agency  of  equatorial  eddies. 

In  January,  eddies  over  the  Indian  Ocean  between  a  weak 
northeast  monsoon  and  the  southeast  trades  are  ill. defined  and 
ephemeral.  Further  east,  counterclockwise  eddies  between  the 
northeast  trades  and  the  Australian  summer  monsoon  may  be  readily 
ident i f ied. 

In  July,  the  southwest  monsoon  and  the  circulation  around 
the  South  Indian  Ocean  and  Australian  highs  are  separated,  east 
of  65°E,  by  clockwise  equatorial  eddies. 

The  change  in  sense  of  pddy  rotation  between  January  and 
July  would  appear  to  favor  the  theory  that  the  eddies  are  turbulent 
derivatives  of  the  major  circulations  to  north  and  south.  However, 
other  equally  plausible  and  equally  untested  theories  have  been 
advanced  to  account  for  their  existence. 

There  is  some  evidence  that  the  bold  and  extensive  orography 
of  Indonesia  may  favor  eddy  development  to  the  west  of  Sumatra, 


Figure  1  of  Appendix  III. 
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over  Borneo  and  to  the  north  of  Hew  Guinea.* 

Upper  levels.  In  the  upper  troposphere  the  heat  low  o i  the 
summer  hemisphere  is  overlain  by  an  anticyclone  while  the  high 
pressure  ridge  of  the  winter  hemisphere  is  displaced  toward  the 
equator.  Thus  it  is  not  surprising  to  find  easterlies  predomi¬ 
nating  over  the  equatorial  portions  of  the  Indian  and  west  Pacific 
Oceans  and  little  evidence  of  eddies. 

7.  The  large-scale  features  of  the  cencral  Pacific  circulation 

The  major  synoptic  features  which  are  reaaily  evident  on  any 
mean  resultant  wind  chart,  are  the  semi -permanent  subtropical 
ridge  and  steady  wind  regimes.  Migratory  ridges  or  troughs, 
typhoons  or  tropical  cyclones,  do  not  appear.  During  the  typhoon 
season,  a  persistent  upper  tropospheric  trough  usually  extends 
eastnortheast-westsouthwest  across  the  central  North  Pacific. 

Low  levels.  The  trades  blow  the  year  round  on  the  equatorial 
sides  of  the  Subtropical  ridges,  directed  from  north  of  east  in 
the  Northern  Hemisphere  and  from  south  of  east  in  the  Southern 
Hemisphere.  Over  the  western  part  of  the  central  ocean,  in  the 
summer  hemisphere,  the  trades  are  displaced  by  low  latitude 
westerlies  which  form  part  of  the  summer  monsoon  circulations. 

Upper  levels.  Above  the  trades,  and  separated  from  them  by 
the  eubtropTcal  ridge ,  lie  the  antitrades,  the  low  latitude 
extension  of  the  polar  westerlies-!  The  antitrades  are  the 
strongest  steady  winds  in  the  tropics,  often  reaching  speeds  of 
more  than  100  kn  at  the  poleward  fringes  of  the  tropics  in  winter. 
The  equatorial  easterlies  of  the  western  Pacific  may  occasionally 
extend  as  far  eastward  as  160“E. 
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SYNOPTIC  CLIMATOLOGY  OF  CENTRAL  PACIFIC 
TROPOSPHERIC  WINDS 


I.  Introduction 


Over  much  of  the  central  Pacific,  large-scale  circulation 
features  persist  for  several  days  without  undergoing  significant 
changes  in  position  or  intensity.  Thus  a  mean  resultant  wind 
chart  for  a  period  of  up  to  one  month  is  recognizably  similar  to 
a  synoptic  wind  chart  for  any  individual  observing  time  during 
that  month. 

A  mean  chart  at  any  given  horizontal  or  pressure  level 
presents  a  picture  of  supposedly  normal  conditions.  Very  often, 
however,  if  the  time  period  over  which  the  parameters  are  averaged 
is  too  long,  some  of  the  significant  features  which  should  be 
disclosed  are  lost  in  the  averaging  process.  The  usual  mid¬ 
latitude  procedure  of  presenting  mean  seasonal  charts  cannot  be 
followed  in  the  tropics  because  the  major  changes  in  tropical 
synoptic  patterns  do  not  coincide  with  the  calendar  changes  of 
seasons.  A  month  is  probably  the  longest  period  for  which  mean 
charts  can  be  meaningful  without,  damping  out  all  significant 
features.  Although  this  period  of  time  is  in  many  cases  longer 
than  optimum,  data  for  shorter  periods  are  usually  unavailable. 
Consequently,  throughout  this  chapter,  calendar  month  averages 
will  be  used  (with  the  exception  of  figs  5-1  to  5-6). 

Steadiness,  the  ratio  of  mean  resultant  wind  to  mean  wind  X 
100,  provides  a  good  basis  for  estimating  how  often  synoptic 
patterns  resemble  mean  patterns.  Over  areas  where  steadiness 
exceeds  90  per  cent,  wind  directions  on  most  days  are  unlikely  to 
deviate  much  from  the  mean,  whereas  a  steadiness  of  10  per  cent 
indicates  that  the  synoptic  pattern  may  only  fortuitously  resemble 
the  mean. 

On  a  succession  of  monthly  mean  resultant  wind  charts  one 
may  easily  follow  seasonal  changes  which  in  turn  ate  related  to 
8 1 ow  changes  in  the  frequencies  of  various  synoptic  patterns. 

Mean  charts  for  particular  months  often  vary  considerably  from 
year  to  year  thus  revealing  important  inter-annual  dissimilarities 
in  synoptic  patterns. 

The  relationships  of  mean  flow  patterns  to  synoptic  patterns 
is  discussed  in  the  remainder  of  this  chapter  under  the  following 
headings:  firstly,  normal  intra-annual  changes,  secondly,  inter¬ 

annual  variability,  and  thirdly,  short-period  forecasting. 

2.  Intra-annual  circulation  changes 


A  series  of  six  semi-monthly  mean  cross-sect ion3  between 
Nauru  (0°32'3,  166°55'E)  and  Ocean  Ship  Victor  (34°N,  164°E) 
(figs  5-1  to  5-6)  shows  the  transition  from  winter  to  summer  in 
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1  958-'.  In  eariy  April  the  antitrades  are  very  strong,  the  trades 
shallow,  in  the  Wake  Island  area.  By  late  May  the  trades, 
although  weaker,  extend  to  30,000  ft  from  Wake  southward.  The 
changing  slope  of  the  subtropical  ridge  accompanies  development 
of  the  mid-Pacific  trough,  which  by  May  is  well  defined  at  30,000 
ft  between  Wake  and  Eniwetok.  In  early  June  the  trough  extends 
to  40,000  ft,  being  most  pronounced  slightly  farther  north  in 
late  June . 

Fig  5-7,  time  charts  of  the  wind  sheer  at  30,000  ft  between 
Wake  and  Eniwetok,  confirms  that  as  the  subtropical  ridge  weakens 
and  the  mid-Pacific  trough  develops,  transition  from  winter  to 
summer  in  the  upper  troposphere  usually  occurs  quite  rapidly,  but 
that  probably  the  return  to  winter  conditions  is  more  gradual. 

Seasonal  characteristics  at  30,000  ft  ire  also  illustrated 
by  figs  5-8  and  5-9.  In  January  1955  (fig  5-8),  the  Northern 
Hemisphere  subtropical  ridge  lies  along  15°N  and  circulation  is 
anticyclonic  west  of  the  Date  Line.  East  of  the  Date  Line  a 
trough  stretching  northeast-southwest  through  Hawaii  derives  from 
frequent  winter  "Kona"  storms  in  that  area. 

In  May  195^  (fig;  5-9),  the  subtropical  ridges  of  both 
hemispheres  arc  further  north  and  the  mid-Pacific  trough  is  well 
defined,  extending  from  north  of  Johnston  Island,  south  of  Wake 
Island  to  the  area  southwest  of  Guam, 

3„  Inter-annual  circulation  changes 

Circulation  patterns,  especially  during  transition  months, 
may  vary  markedly  from  year  to  year.  For  example,  fig  5-7  shows 
that  the  change  from  anticyclonic  to  cyclonic  wind  shear  at 
30,000  ft  between  Wake  and  Eniwetok  took  place  during  April  in 
1954  and  1955  but  not  until  late  May  in  1940  and  1951. 

Inspection  of  the  30,000  ft  mean  resultant  wind  charts  for 
May  1955,  1956,  1957  and  1958  (figs  5-9  to  5-12),  reveals  that  in 
1955,  1956,  and  1958,  Northern  Hemisphere  summer  patterns  pre¬ 
dominated.  Among  these  months,  however,  di £f erences  can  be 
detected.  The  mid-Pacific  trough  of  1955  and  1958  is  replaced 
by  two  troughs  in  1956,  one  extending  from  Ocean  Ship  Victor  to 
Truk  and  the  other  from  Midway  to  the  vicinity  of  Wake. 

In  contrast  to  the  pronounced  ridge-trough  systems  of  these 
Mays,  the  circulation  of  May  1957,  with  strong  zonal  flow  north 
of  20°N  resembles  Northern  Hemisphere  winter  conditions  (c.f. 
fig  5-8). 

The  most  persistent  inter-annual  feature,  an  anticyclonic 
cell  east  of  the  Philippines,  appears  on  the  mean  chart  of  the 
four  Mays  (fig  5-13).  The  mid-Pacific  trough  is  also  evident. 


The  changes  observed  along  this  cross-section,  which  is  in  the 
region  of  the  mid-Pacific  trough,  may  not  be  representative  of 
changes  to  the  east  and  west. 
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Figure  5-8 .  Streamline  analysis  of  mean  resultant  winds  at  30,000 
Ft  for  January  1955.  Order  of  station  plotting:  steadiness 
(percent),  mean  resultant  wind  direction  (degrees  from  north) 
and  speed  (knots  and  tenths). 


figure  5  - 10  .  As  for  fig  5-8  but  for  May  1956 
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Although  the  mean  chart  combines  only  four  years,  reference  to 
the  data  tabulated  in  Chapter  3  uncovers  insignificant  differences 
between  the  4-year  and  long  period  means.  One  concludes  that  a 
4-year  record  should  be  sufficient  to  define  the  mean  monthly 
resultant  patterns. 

Since  the  roid-Pacific  trough  is  an  upper -t r opospher i c 
phenomenon,  it  is  not  surprising  that  intra-annual  variability  of 
May  circulations  at  10,000  ft  (figs  5-16  to  5-13)  is  less  than  at 
30,000  ft.  However,  scanty  evidence  suggests  that  during  May 
1957  (the  winter-like  month  at  30,000  ft),  the  Northern  Hemispher 
subtropical  ridge  at  10,000  ft  lay  closer  to  the  equator  than  in 
1954,  1956  or  1958.  Although  the  mean  resultant  direction  if  cl 
trades  at  10,000  ft  varies  little  from  year  to  year,  steadiness 
does.  In  May  1954,  steadiness  in  the  Marshalls  ranged  from  30  to 
90  per  cent  and  in  1958  from  35  to  70  per  cent,  possibly  because 
of  greater  wave  activity  in  the  latter  year.  Longer  term  10,000 
ft  normals  resemble  the  1958  means  and  steadiness  more  than  those 
of  1954  and  1956. 

Mean  resultant  30,000  ft  wind  charts  for  October  1954  and 
1955  (figs  5-14  and  5-15)  are  alike  in  that  the  mid-Pacific  trough 
appears  on  both.  Apart  from  this,  October  1954  is  similar  to  a 
Northern  Hemisphere  winter,  and  October  1955  to  a  summer  configu¬ 
ration. 

4.  Application  of  circulation  climatology  to  short-period 
forecasting 

Large-scale  tropical  circulation  features  are  ofter  long 
lived  and  move  slowly.  Thus  persistence  "forecasts"  of  tropo¬ 
spheric  wind  fields  for  periods  of  up  to  24  hours  are  often  better 
than  subjective  forecasts  made  by  experienced  meteorologist  . 

That  persistence  combined  with  climatology  may  further  inpu  e 
forecasts,  is  borne  out  by  two  recent  tests. 

J.  W.  Reed  of  the  Sandla  Corporation  used  Eniwetok  upper 
wind  measurements  made  during  the  1956  nuclear  test9  to  derive 
regression  equations  relating  the  current  and  mean  resultant 
winds  to  the  future  winds.  The  equations,  when  tested  on  the 
Independent  data  of  the  1958  nuclear  tests,  bettered  both  the 
official  forecasts  and  persistence,  throughout  the  troposphere. 

The  average  margin  of  superiority  was  about  15  per  cent. 

The  Joint  Task  Force  Seven  Meteorological  Center  conducted 
a  simpler  test.  They  computed  daily,  a  mean  resultant  of  the 
current  wind  and  the  climatological  mean  for  Midway  Island,  over 
a  two-month  period  for  each  mandatory  level  from  850  to  200  mb. 

The  "forecasts"  thus  obtained,  on  being  compared  with  routine  24- 
hour  subjective  forecasts  made  in  a  weather  station,  proved 
superior  in  90  per  cent  of  cases.  Superiority  margins  sometimes 
exceeded  20  per  cent. 

This  procedure  can  be  applied  to  area  wind  forecasting.  A 
carefully  analyzed  (streamlines  and  isotachs)  synoptic  wind  hart 
is  superimposed  on  a  monthly  mean  resultant  wind  chart  of  the  same 


scale  for  the  corresponding  month  and  for  the  same  area.  Mean 
resultant  wind  vectors  are  readily  determined  at  suitable 
intervals  (say  five  degrees)  by  straightforward  graphical  methods 
and  then  analyzed  to  provide  the  prognostic  wind  chart.  Forecasts 
prepared  this  way  were  encouragingly  better  than  subjective  fore¬ 
casts.  Because  long-period  mean  monthly  resultant  wind 
distribution  may  damp  out  significant  features  of  particular 
years  i  c. .  f .  figs  5-9  and  5-13),  better  results  may  stem  from  the 
force;!:;':  .. r  selecting  the  mean  chart  for  an  individual  month  roost 
like  the  current  synoptic  chart.  In  a  brief  inconclusive  test  of 
this  i  ;uc  .  i,  t  r.  de  nt  s  in  the  Advanced  Tropical  Meteorology 

course  'ter  a;1,  iyzir.g  a  few  days  of  May  1951  30,000  ft  synoptic 
char;.,.  .11  l  c*/d  the  May  195  5  mean  resultant  chart  (fig  5-9) 
as  t lie  oust  analogue.  They  prepared  their  prognostic  charts  in 
about  30  minutes  and  were  then  told  to  apply  any  amendments  they 
thought  necessary.  It  is  significant  to  note  that  not  only  did 
the  application  cf  persistence-climatology  lead  to  good  24-hour 
prognoses,  but  that  every  subjective  amendment  increased  the 
errors . 

Although  9uch  results  are  encouraging,  it  is  well  to  realize 
that  the  per s i s tence -c limat o logy  method  has  limitations.  Because 
mean  charts  present  smoothed  pictures  of  the  dominant  circulation 
features  only,  the  method  may  be  primarily  applicable  to  upper 
levels  with  simple  synoptic  patterns.  If  a  synoptic  chart  includes 
a  cyclone,  the  cyclone  will  be  weakened  in  the  forecast  unless  it 
lies  close  to  a  mean  trough  axis.  High  steadiness  indicates  a 
strong  predisposition  for  the  wind  to  blow  in  the  mean  resultant 
direction  or  to  shift  toward  that  direction.  Low  steadiness  can 
not  be  so  simply  interpreted.  Fig  5-19  compares  the  mean  fre¬ 
quency  distributions  of  700  mb  wind  directions  at  Johnston  Island 
during  August,  a  month  of  high  steadiness  and  January,  a  month  of 
low  steadiness.  Obviously,  large  deviation  from  easterly  flow  is 
most  unlikely  in  August.  The  January  mean  resultant  wind  direc¬ 
tion  of  southsoutheast  and  low  steadiness  stems  from  a  nearly 
symmetrical  bimodal  frequency  distribution.  The  median  24-hour 
wind  shift  during  January  1958  was  20°  and  during  August  1958, 

26°.  Thus  a  per s i s t ence-climat ology  forecast  for  Johnston  Island 
in  January  should  give  more  weight  to  persistence  than  to  clima¬ 
tology.  Summing  up,  the  method  is  promising  and  necessary  addi¬ 
tional  work  on  it  seems  justified. 
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Figure  5-19.  Frequency  distributions  of  700  mb  wind  directions  during  January  and  August 
at  Johnston  Island.  Period  of  record:  nine  years. 


THE  SYNOPTIC  CLIMATOLOGY  OP  THE  CHINA 
JEAS  AND  SOUTHEAST  ASIA  SOUTH  OF  30° 

(A)  THE  WHITER  MONSOON 


1.  Introduction 

The  winter  monsosn,  c 1 i ma t o 1 og i ca I ly  speaking,  is  part  of  thf 
circulation  around  the  intense  Siberian  anticyclone.  It  generally 
reaches  tropical  southeast  Asia  early  in  October  as  a  burst  of 
dry  cold  air  from  north  or  northeast.  Within  a  month  the  monsoon 
has  attained  full  strength  except  over  the  China  Sea  south  of 
I0°N  where  the  maximum  occurs  in  January.  The  monsoon  may  in 
this  month  extend  as  far  south  as  Singapore. 

Although  the  monsoon  is  astonishingly  steady  (table  6-1), 
especially  in  November  and  December,  it  possesses  a  definite 
rhythm,  dying  away  and  strengthening  in  a  series  of  surges  with 
a  period  of  about  10-12  days. 


Table  6-1.  Percentage  frequency  of  N  or  ME  winds  at 


Pratas  Reef 

(46810)  , 

20°  4 2 ' N  ; 

116°  42 ' E . 

Oct 

Nov 

De  c 

Jan 

Feb 

88 

83 

80 

78 

71 

>25  kn  50 

63 

52 

50 

38 

To  trace  the  origins  of  monsoon  surges  and  of  the  region's 
winter  weather  we  must  first  consider  the  situation  at  higher 
levels.  During  winter  a  strong  northward  directed  temperature 
gradient  exists  over  the  continent  and  west  Pacific.  Hence  the 
Siberian  anticyclone  in  which  central  surface  pressures  may  reach 
1065  mb  can  scarcely  be  found  at  10,000  ft,  for  at  and  above  that 
level  polar  westerlies  prevail  everywhere  north  of  18°N  (fig  6-1). 
The  Himalayan-Tibetan  massif  charnels  these  winds  into  an  intense 
quasi -stat i onary  jet-stream  lying  along  the  southern  boundary  of 
the  mountains,  the  Yangtze  Valley  and  south  Japan.  To  the  north 
of  the  mountains  weak  and  ephemeral  jet  streams  occur  between  45 
and  70° M  (fig  1-1). 

South  of  the  southern  jet  stream  and  probably  intimately 
associated  with  it  is  a  zone  of  subsidence  with  a  sharp  inversion 
as  its  lower  boundary  at  between  7000  and  12,000  ft  (fig  1-4).  So 
great  is  the  subsidence  that  it  produces  a  thermal  equator  in  the 
middle  troposphere  between  14°  and  18°N.  The  near -ver t i ca 1  sub¬ 
tropical  ridge  aloft  coincides  with  the  thermal  equator  and 
separates  baroclinic  westerlies  in  the  north  from  slightly  baro- 
clinic  easterlies  further  south  (fig  1-5).  To  the  west,  persistent 
upper  tropospheric  s ou thwes t er 1 ie s  converge  with  the  circum. 


6-101 


Himalayan  wescerlies  near  110°E  and  probably  contribute  signifi¬ 
cantly  to  the  subsidence. 

Cyclogenesis  is  associated  with  jet  streams.  However,  except 
when  it  breaks  down  completely,  the  Siberian  anticyclone  inhibits 
surface  cyclogenesis  over  the  southern  part  of  the  continent. 
Often,  only  when  disturbances  reach  the  strongly  ft  ontogeneti c 
China  and  Japan  Seas  do  surface  cyclones  form  with  almost 
explosive  suddenness.  A  deepening  cyclone  accelerates  the 
northerly  f  lowwcst  of  it'  center  and  causes  a  "surge"  of  the 
monsoon.  As  the  cyclone  passes  away  to  the  east,  the  monsoon 
gradually  weakens  until  the  next  depression  develops.  Surface 
cyclogenesis  gives  far  too  little  warning  of  a  surge,  for  the 
monsoon  freshens  almost  simultaneously,  especially  over  the 
Ryukyus  and  south  Japan.  However,  the  triggering  wave  disturbance 
in  the  polar  westerlies  can  usually  be  tracked  over  China  for  somi 
days  previous . 

The  major  region  of  cyclogenesis  lies  beneath  the  southern 
jet  stream  at  about  latitude  30° H  (fig  1-6).  First  signs  of 
development  are  usually  given  by  the  sudden  appearance  of  high 
and  medium  cloud  and  then  in  the  space  of  24  hours  a  fully  fledged 
cyclone  with  marked  warm  and  cold  fronts  may  spring  into  being. 

Warm  fronts  seldom  develop  within  the  tropics  or  if  they  do, 
quickly  move  north.  However,  cold  fronts,  the  leading  edges  of 
monsoon  surges,  may  move  far  into  the  tropics. 

The  quas i -s tationar y  jet  stream,  anchored  by  the  Himalayas 
significantly  modifies  cold  fronts.  Whereas  over  North  America  a 
vigorous  cold  front  is  often  accompanied  southward  by  a  jet  stream 
aloft  and  does  not  undergo  too  much  intensity  change,  over  south¬ 
east  Asia  fronts  move  under  the  jet  stream  and  then  leave  it 
behind.  While  beneath  it,  they  are  vigorous,  but  as  they  pass 
further  south  and  move  beneath  the  subsidence  layer,  cloud  depth 
rapidly  decreases  and  rainfall  becomes  insignificant  (fig  1-3). 
Despite  this  change  in  cloud  and  precipitation,  surface  changes  in 
temperature,  pressure  and  wind  at  the  fronts  often  remain  marked 
and  may  be  detected  well  east  and  south  of  the  mainland. 

Over  the  China  Seas,  cold  fronts  retain  their  identities  at 
the  surface  as  long  as  the  air  behind  them  flows  across  the  sea 
surface  isotherms  from  cold  to  warm.  Then,  as  heat  and  moisture 
are  rapidly  added  from  below,  thick  cumuloform  or  turbulent 
s tr at ocumu lus  cloud  forms  and  light  showers  (particularly  common 
over  the  warm  Kuroshio  current)  may  develop.  Away  from  the  jet 
stream,  the  subsidence  inversion  sharply  limits  cloud  tops,  which 
rarely  exceed  10,000  ft.  When,  after  a  sea  passage,  the  monsoon 
air  strikes  exposed  and  often  mountainous  coasts,  such  as  north 
Formosa,  east  Philippines  and  Annam,  lifting  releases  considerable 
and  persistent  rain.  Ahead  of  the  advancing  front,  air  is 
generally  in  thermal  equilibrium  with  the  sea  surface  and  contains 
little  low  cloud. 

Eventually,  as  air  behind  a  southward  moving  front  begins  to 
flow  parallel  to  the  sea  surface  isotherms,  convective  processes 
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die  out  and  the  clouds  dissipate.  Horizontal  density  disconti¬ 
nuities  vanish  and  the  front  ceaset  to  be  a  front.  However, 
shear  and  sometimes  convergence  may  persist  and  be  reflected  in 
a  line  of  cLoud  near  where  the  old  front  would  be  expected  to  lie, 

2.  Early  winter  (mid-October  to  mid-January) 

During  October  the  subtropical  ridge  aloft,  now  moving  south¬ 
ward  reaches  the  same  average  latitude  it  occupied  in  June 
(fig  6-2).  By  January  it  has  reached  its  normal  winter  latitude 
along  about  1 5  “II . 

North  of  the  ridge,  eastward  moving  disturbances  or  recurred 
tropical  storms  account  for  most  of  the  precipitation;  south  of 
the  ridge,  typhoons  or  easterly  waves  follow  west  or  sometimes 
westsouthwest  tracks. 

From  this  superficial  description  one  would  expect  the 
weather  patterns  of  October  and  November  to  resemble  those  of  May 
and  June  but  this  is  not  so.  Whereas  in  early  summer  west  Pacific 
typhoons  are  few  and  i 1 1 -deve loped ,  in  autumn  they  are  numerous 
and  may  reach  their  greatest  intensity. 

This  period,  south  of  30°N,  is  one  of  ebb  and  flow  between 
the  northeast  monsoon  and  typhoons;  the  latter  dominate  at  first, 
but  by  January  only  feeble  storm  remnants  or  weak  easterly  waves 
penetrate  west  of  125°E. 

Monsoon  bursts  are  generally  from  north  or  northeast,  giving 
fine  weather  along  the  continental  coast  but  considerable  convec¬ 
tion  cloud  and  some  showers  offshore  where  heating  and  moisture 
addition  reach  their  maxima  for  the  year.  Onset  of  the  monsoon 
coincides  with  establishment  of  the  normal  winter  flow  pattern 
aloft.  South  of  the  jet  stream  subsidence  flattens  the  cumuloform 
clouds  of  summer  into  the  stratiform  clouds  of  winter. 

The  China  coast  north  of  Amoy  is  typhoon-free  during  this 
period,  but  typhoons,  especially  in  October,  frequently  pass 
across  the  South  China  Sea.  They  present  a  difficult  forecast 
problem.  If  a  storm  heads  across  the  northern  part  of  the  South 
China  Sea  during  a  monsoon  lull,  it  may  give  the  coast  prolonged 
battering  (the  two  longest  typhoon  gales  at  Hong  Kong  occurred  in 
October)  and  may  even  recurve  nearby.  On  the  other  hand,  storms 
approaching  the  south  China  coast  frequently  lose  intensity  and 
occasionally  completely  fill.  This  occurs  when  comparatively  cold 
dry  air  from  China  enters  the  storm,  causing  the  air  circulating 
around  the  center  to  lose  potential  energy. 

For  a  source  of  cold  dry  air  to  exist  over  China,  the  Siberian 
anticyclone  roust  already  have  spread  south  into  north  China  and 
become  fairly  well  established.  Thus  one  would  expect  an  approach¬ 
ing  storm  to  lose  intensity  if  pressure  over  central  China  were 
above  normal.  This  usually  happens,  but  occasionally  when  central 
China  pressure  is  well  above  normal,  an  approaching  typhoon  shows 
no  3ign  of  weakening.  Surface  pressure  indications  are  therefore 
not  always  reliable. 
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Figure  6  -  2 .  The  subtropical  ridge  aloft  in  the  Far  East  and 
western  Pacific. 

A.  Median  monthly  recurvature  latitudes  of  tropical  disturbances. 

(From  "Tropical  cyclones  in  the  western  Pacific  and  China  Sea  area" 
by  P.  C.  Chin,  Royal  Observatory,  Hong  Kong,  Tech.  Mem.  7.  1958). 

B.  Maximum  northerly  latitudes  to  which  easterlies  extend  at  8  km 
along  the  meridian  of  78°E.  (From  "The  general  circulation  of 

the  atmosphere  over  India  and  its  neighbourhood"  by  K.  R.  Ramanathan 
and  K.  P.  Ramakrishnan  in  Mem.  India  Meteor.  Dept.,  26,  189-245. 

1939)  . 


In  this  period,  low  level  flow  across  the 
dual  character.  In  the  north  it  forms  part  of 


China  Seas  has  a 
the  circulation 

around  the  continental  anticyclone,  in  the  south  it  is  part  of  the 
liter  easterly  stream  of  tropical  maritime  air  south  of  the  sub- 
r epical  ridge.  Easterly  waves,  often  the  remnants  of  storms 
move  in  this  stream.  In  the  south,  weather  is  typically  fine 
ahead  of  a  wave  and  unsettled  to  the  rear;  in  the  north,  particu¬ 
larly  if  a  disturbance  In  the  polar  westerlies  is  present,  weather 
may  become  unsettled  some  distance  ahead  of  the  trough  line  and 
worsen  somewhat  after  its  passage  (figs  II-2,  3,  4).  Tropical 
storms  heading  west  to  the  south  of  the  subtropical  ridge  aloft 
may  influence  weather  north  of  the  ridge  in  the  manner  of  a 
vigorous  easterly  wave. 


Over  the  South  China  Sea  the  subtropical  ridge  aloft  seldom 
possesses  a  marked  cellular  structure  and  storms  moving  westward 
on  its  southern  side  normally  do  not  recurve.  Should  they  do  so 
weakening  is  usually  so  rapid  that  there  is  little  chance  of  t t- 
retaining  destructive  winds.  Because  of  the  generally  stead' 
movement  of  storms  and  waves,  extrapolation  based  on  previous 
tracks  gives  adequate  results.  However,  storms  in  December  or 
January  may  have  their  westward  progress  across  the  Soutl  China 
Sea  suddenly  checked  by  a  surge  of  the  northeast  monsoon.  Movement 
is  then  slow  and  erratic  and  filling  often  ensues. 


Ey  mid-January  (except  rarely,  south  of  1  M)  the  winter 
monsoon  is  so  dominant  that  westward  moving  tropical  disturbances 
never  affect  the  region. 


3.  Late  winter  and  spring  (mid-January  to  end  of  April) 

This  period  is  one  of  steadily  increasing  rainfall  over  most 
land  areas.  Exceptions  are  the  east  coast  areas  of  Annam  and  the 
northern  Philippine  Islands.  There,  orographic  rain  diminishes 
as  the  winter  monsoon  weakens. 


Aloft,  the  polar  westerlies,  the  southern  jet  stream  and  the 
subtropical  ridge  dominate  the  circulation,  particularly  in 
January  and  February, 

More  end  more  often  from  February  onward  this  well  defined 
distribution  breaks  down  and  divisions  between  dry  and  wet  areas 
become  increasingly  blurred.  The  westerlies  weaken  and  the  sub¬ 
tropical  ridge  fluctuates  considerably,  sometimes  moving  well 
south  of  15°N,  sometimes  jumping  north  of  25  0 W ,  Its  axis  often 
slopes  equatorward  with  height.  Although  "normal"  conditions 
occur  on  a  high  proportion  of  days  in  January  and  February,  the 
norm  in  April,  is  one  of  rapid  weathei  changes. 

All  precipitation-producing  disturbances  north  of  the  sub¬ 
tropical  ridge  move  eastward. 

Monsoon  surges.  During  late  winter,  surges  of  the  monsoon 
alternate  with  FuTTs .  A  northerly  surge,  which  develops  behind 
a  cold  front  when  the  center  of  high  pressure  remains  stationary 
over  Siberia,  may  be  dry  and  free  of  low  cloud  along  the  coast  of 
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China  and  inland,  south  of  the  jet  stream.  As  the  air  moves  out 
across  much  warmer  seas  convection  clouds  rapidly  form. 

When,  in  rear  of  a  cold  front,  a  high  cell  moves  eastward 
from  China,  the  monsoon  surge  reaches  the  tropics  as  an  eastnorth- 
ea.-.t  wind,  The  air  having  first  been  warmed  and  moistened  by  the 
Kurosbio  Current  then  cooled  as  it  moves  over  cold  coastal 

wooers;  should  turbulence  be  sufficient,  stratiform  cloud  which 
na\  give  drizzle,  nuickly  forms  above  the  lifting  condensation 
!  c  •  i  (it;-  1.1-2).  Further  at  sea,  of  course,  convection  is  less 
’'".'.reus  '  oan  ’  n  northerly  surges  and  clotids  are  scattered. 

Most  surges  fall  somewhere  between  these  two  extreme  examples. 
A  knowledge  cf  trajectories  and  normal  sea  surface  temperature 
distribution  w'  L  i  hc'p  foretell  cloud  and  weather  distribution. 

Lulls  between  surges  occur  when  the  continental  anticyclone, 
or  a  dull  s~pTTt  off  from  it,  moves  eastward.  Winds  south  of  the 
high  pressure  center  veer,  convection  clouds  over  the  warm  seas 
decrease  and  cooling  along  the  coast  may  produce  stratiform 
clouds.  Little  change  occurs  in  short  lulls  but  when  they  are 
prolonged,  high  pressure  over  China  may  break  down  altogether  and 
a  wedge  from  the  Pacific  anticyclone  extend  across  the  area  and 
on  to  the  mainland.  Weather  over  the  sea  areas  becomes  almost 
cloudless,  but  in  the  cold  coastal  water  zone,  rapid  cooling  may 
lead  to  the  development  of  low  stratus  cloud  end  drizzle,  or  even 
sea  fog,  the  crachin  of  south  China. 


The  longer  a  lull  in  the  monsoon  persists  the  warmer  and 
moister  the  air  reaching  the  continent  becomes.  Cloud  base 
steadily  lowers  and  eventually  sea  fog  forms.  At  Hong  Kong  (and 
in  the  rest  of  the  crachin  zone)  dew  point  rises  steadily  during 
a  lull.  If  che  air  is  moving  around  a  high  centered  near  Japan, 
the  rise  averages  3°F/24  hours;  should  it  be  moving  around  a  wedge 
from  the  Pacific  high,  (more  common  in  March  and  April)  the  rise 
averages  4°F/24  hours.  Since  sea  temperature  tends  to  remain 
steady  over  such  intervals,  one  can  often  estimate  the  time  dew 
point  and  sea  temperature  will  coincide  and  sea  fog  form. 

The  trend  in  surges  and  lulls  is  toward  an  increasing  number 
of  easterly  surges,  increasingly  long  IjIIs  between  surges  and 
more  persistent  crachin,  as  the  year  advances.  Turbulence, 
topography,  diurnal  heating  and  dew  point/sea  temperature  dif¬ 
ferences,  all  play  important  parts  in  determining  when  and  where 
crachin  will  develop  and  what  form  it  will  take.  The  inter¬ 
relations  of  these  factors  along  the  coast  may  be  extremely 
complex.  For  example,  if  wind  speed  decreases  5  kn  as  the 
temperature  maximum  approaches,  an  apparently  permanent  layer  of 
thick  stratus  may  dissipate.  A  slight  change  in  wind  direction 
and  a  previously  fog-free  bay  is  rapidly  enveloped.  A  range  of 
hills  more  than  1000  ft  high  can  greatly  modify  stratus  distribu¬ 
tion  while  even  lower  lying  land  can  hold  up  advancing  sea  fog. 
Each  area  has  its  local  peculiarities.  Since  vigorous  crachin 
usually  occurs  in  the  col  or  trough  region  west  of  a  surface  high, 
it  is  associated  with  local  winds  veering  with  height.  Conversely 
it  is  unlikely  when  winds  back  with  height.  Surges  of  the 
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northeast  monsoon  may  be  important  crachin  modifiers.  However, 
from  February  onward  even  moderate  surges  may  not  dissipate 
crachin,  for  the  air  behind  the  front  can  still  be  undergoing 
surface  cooling  along  the  coast.  A  temporary  lifting  in  cloud 
b  a n  o  but  no  break  in  cover  is  usual.  Particularly  in  the  Formosa 
Strait  -  south  China  area  -  crachin  can  be  modified  without  any 
surge  at  all.  With  e a s t nor t he  a s t  flow,  air  reaching  the  south 
China  coast  has  usually  passed  down  the  Formosa  channel  over  a 
heating  surface;  however  with  general  easterly  flow,  the  air 
reaching  south  China  may  previously  have  swung  around  south 
Formosa  and  have  crossed  a  cooling  surface.  Thus,  when  general 
i low  direction  is  critical,  minute  disturbances  can  switch  the 
air  from  one  track  to  another  and  coastal  weather  from  cloudy  to 
fog. 


Sometimes  in  January  and  February,  general  high  pressure  over 
China  breaks  down.  Frontal  systems  extend  from  west  to  east 
across  north  China  and  south  of  the  Yangtze  and  small  high  cells 
move  eastward  across  south  China.  Apart  from  some  A(f~when 
troughs  between  the  cells  pass,  coastal  weather  stays  fine  and 
westerlies  occasionally  reach  the  surface.  Marked  lowering  of  the  base 
of  the  westerlies  and  general  weakening  of  low  level  winds  presage 
this  development.  Coastal  areas  south  and  southeast  of  a  cell 
center  may  have  moderate  or  fresh  southeast  winds  but  with  the 
air  having  so  recently  passed  over  land,  no  significant  dew  point 
rises  or  low  cloud  occur. 

4.  Interruptions  of  the  normal  winter  monsoon  cycle 

Tropical  trough  (figs  I I -3  to  18).  "Tropical  trough"  is  a 
name~gTve n  to  a  coTd-core  disturbance  which  may  first  appear 
around  mid-January  over  southern  India  at  and  above  30,009  ft. 

The  trough,  moving  eastward,  sharply  interrupts  the  prevailing 
upper  tropospheric  s ou t hwes t er 1 i es .  The  lower  troposphere  is 
little  affected  until  the  trough  reaches  the  Andamans  but  from 
there  on  it  intensifies  and  colder  air  moves  in  from  north. 

Bangkok  rawins  provide  a  good  warning.  High  level  winds  there 
turn  westerly,  veer  and  strengthen  as  the  trough  passes. 

Rarely,  the  trough  continues  eastward  at  more  than  20  lcn 
having  little  effect  on  surface  weather  until  it  reaches  the 
strongly  f r on t o -ge ne t i c  region  east  of  Formosa. 

Tropical  troughs  generally  intensify,  slow  and  stop  over 
Thailand  or  Indo  China.  When  this  happens,  weather  to  the  east 
deteriorates,  usually  along  the  line  of  a  previously  quiescent 
polar  front  marking  the  southern  limit  of  the  most  recent  north¬ 
east  monsoon  surge.  As  long  as  the  trough  remains  stationary, 
wave  disturbances  move  along  the  polar  front,  producing  highly 
variable  and  unsettled  weather  to  the  north.  Eventually,  as  the 
upper  s ou t hwe 8 t er  1  i e s  re-establish  over  India  and  the  Bay  of 
Bengal,  the  tropical  trough  weakens.  It  may  then  move  east  but 
usually  dies  in  situ.  India  observations  are  essential  for  one  to 
detect  onset  oT  t  his  phase. 

Tropical  troughs  become  more  frequent  as  the  year  advances. 
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Host  of  the  rainfall  of  March  and  April,  south  and  west  of  the 
Ryukyus,  can  be  attributed  to  them,  and  their  activity  largely 
determines  the  precipitation  pattern  of  these  months.  In  April, 
and  at  times  in  March,  the  polar  front  usually  lies  over  the 
northern  part  of  the  South  China  Sea  and  through  the  southern 
Ryukyus  with  true  Tm  instead  of  modified  Pm  air  to  the  south. 

Then,  when  the  front  is  activated,  thunderstorms  are  common. 
Tronical  troughs  originate  and  intensify  in  the  tropics  and  seem 
to  exert  little  effect  on  the  mid-latitude  westerlies. 

West  China  trough.  in  winter  the  major  Far  Eastern  long  wave 
mid  - latitude  west e  r 1 y  trough  lies  along  about  1  2  3  °  E  and  surface 
cyclones  usually  develop  east  of  this  longitude.  However,  a  few 
times  every  cool  season  'rarely  more  than  four)  the  trough  along 
125°  2  dissipates  or  moves  rapidly  eastward.  A  warm  wedge  extends 
westward  from  the  Pacific  anticyclone  bringing  fine  weather  to 
the  R v u k y u s  and  China  and  sea  fog  to  the  China  coast.  The 
Siberian  anticyclone  retreats  northward  and  westward  and  over 
south  China  dew  point  and  temperature  rise  and  pressure  falls. 

At  this  state,  a  trough  in  the  westerlies  moving  east  from  India 
will  intensify  over  weat  China.  This  results  in  the  region  of 
surface  cyclogenesis  being  displaced  about  20  degrees  westward. 

As  long  as  the  trough  remains  over  west  China,  central  China  and 
sea  areas  from  the  Formosa  strait  northward  experience  extremely 
unsettled  weather. 

When  hemispheric  flow  returns  to  normal  .-he  west  China 
trough  moves  eastward.  The  wedge  from  the  Pacific  anticyclone 
has  earlier  brought  tropical  maritime  air  far  inland  and  warm 
front  and  cold  front  thunderstorms  are  common.  West  of  the 
trough  line  there  is  vigorous  rubsidence,  an  intense  anticyclone 
builds  behind  the  surface  cold  front  and  normal  conditions  re: urn, 
Just  ahead  of  and  at  the  trough  the  surface  front  and  depression 
system  may  travel  sufficiently  far  south  to  give  rain  to  south 
China  and  northern  Indochina  although  weather  stays  fair  south  of 
20°  N . 


Occasionally  'fig  6-3)  a  west  China  trough  situation  lasts 
from  ten  to  twenty  days.  The  trough  and  its  associated  depression 
may  move  eastward.  However,  there  is  no  rapid  anticyclogenesis 
west  of  the  trough  line.  Instead,  pressure  falls  again  over  China 
and  upper  winds  back  from  northwest  to  southwest.  The  eastward 
moving  trough  weakens  as  a  new  deep  cold  trough  intensifies  over 
west  China.  While  it  remains  stationary  it  is  a  source  of  shallow 
disturbances  travelling  castnortheast.  South  of  the  disturbance 
track,  south  China  experiences  persistent  southerly  winds  and 
unseasonably  warm  and  humid  weather.  When  the  trough  finally 
moves  eastward  the  continental  anticyclone  is  restored  to  its 
usual  position. 

Toward  the  end  of  April,  heating  of  the  continent  flattens 
temperature  gradients  and  the  west  China  trough  ceases  to  be  of 
significance. 

Major  displacement  of  the  subtropical  ridge.  Only  one  type 
of  situation  seems  capable  of  giving  prolonged  clear  weather 
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Figure  6-3.  The  West  China  Trough. 

T~  op:  300  mb  chart  for  03  GCT  23  February  1£JA6  ( pr  e  s  sur  e -he  i  ght 
contours  labelled  in  hundreds  of  feet).  Indian  observations  are 
for  1030  GCT. 

400  mb  wind  arrows  are  dashed.  Surface  fronts  and  areas  where 
rain  fell  in  the  previous  24  hours  (stippled)  are  also  shown. 

Left:  Hankow  (30*25'N,  114‘17'E)  time  section  for  20  February  to 

4  Mar  ch  1946  . 

Right:  Canton  (23*10'N,  113°20'E)  (upper  winds)  and  Hong  Kong 

(2T°Tff'N,  114#10'E)  (surface  observations)  time  section  for  20 
February  to  4  March  1946.  Measurable  rain  fell  at  Hong  Kong  on: 
22nd  1.5  mm;  2nd  35.1  mm;  3rd  21.2  mm;  4th  7.6  mm. 

A  trough  after  moving  eastward  from  India,  intensified  over  we3t 
China,  generated  a  surface  depression  and  rain  area  by  23  February, 
and  also  crossed  Hankow  and  Canton  on  that  day.  A  second  trough 
developed  shortly  over  West  China  and  renewed  vigorous  wave 
acfivit"  on  the  polar  front.  Weather  at  Hankow,  north  of  the  front 
was  very  unsettled,  while  Hong  Kong,  south  of  the  front  experienced 
persistent  drizzle  or  fog.  The  second  west  China  trough  moved 
east  on  1  March  and  gave  thunderstorms  at  Hong  Kong.  The  sequence 
was  repeated  when  a  third  trough  intensified  over  west  China.  Not 
until  7  March  did  a  burst  of  the  winter  monsoon  accompany  re¬ 
establishment  of  the  Siberian  anticyclone  and  normal  conditions. 
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over  south  China  ana  che  Ryul.yus  in  tlarch  or  Aoril.  On  an  average 
once  every  two  or  three  year:;  'in  response  probably  to  a  sharp 
change  in  the  hemispheric  circulation),  the  southern  jet  stream 
disappears  and  the  subtropical  ridge  aloft  shifts  several  degrees 
northward.  The  eastern  part  of  a  ridge  cell  overlies  south  China 
where  northwest  winds  at  all  heights  bring  in  phenomenally  dry 
air  liberally  laced  with  Tibetan  dust  and  possibly  Burma  s  mu  Ice. 
This  situation  may  last  a  week  with  southward  moving  fronts 
rapidly  dissipating  over  southern  Japan.  It  breaks  down  gr .  ’u:  1; 
and  without  rain. 

5 .  Cloud  and  rainfall 

The  foregoing  discussion  helps  explain  the  distribution  of 
winter  cloud  'fig  6  -  4 )  and  rainfall.  Cloud  amounts  are  greatest 
along  the  axis  of  the  southern  jet  stream  and  along  windward 
coast3.  At  sea,  skies  are  cloudier  in  December  with  heat  and 
moisture  being  added  to  vigorous  monsoon  bursts,  than  in  March 
when  air-sea  temperature  differences  are  less.  Along  the  China 
coast,  however,  the  crachin  causes  March  cloudiness  to  exceed 
Dec ember's  (see  also  fig  1 1 1  _  J  )  . 
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(P)  THE  SUMMER  1101’ S 001' 


6.  Introduction 

Everyone  in  southeast  Asia  knows  what  the  winter  monsoon  is, 
and  its  surges  feature  in  casual  conversation  and  in  the  press. 

No  such  recognition  is  accorded  the  summer  monsoon.  Whereas  in 
India  people  treat  it  as  a  topic  of  life  anddeath  and  follow  its 
"bursts'  with  anxious  concern,  east  of  Burma,  the  summer  monsoon 
is  a  rather  negative  phenomenon  and  might  almost  be  defined  as 
absence  of  the  winter  monsoon. 

7.  Early  summer  'May  through  late  June  or  early  July) 

As  spring  merges  into  early  summer,  a  heat  low  begins  to 
develop  over  south  and  southeast  Asia,  and  at  low  levels  gradually 
extends  its  circulation  east  and  south,  eventually  displacing  the 
ridge  of  the  Pacific  anticyclone  from  the  China  3ea  (although  at 
10,000  ft  and  higher  the  ridge  is  frequently  found  to  extend  to 
south  Viet  Nam).  One  consequence  is  the  extension  of  south  and 
southwest  flow  across  the  south  China  Sea,  reaching  during  May  to 
the  island  of  Luzon.  At  this  time  the  prolonged  dry  spell 
experienced  by  the  western  Philippines,  which  have  lain  beneath 
the  subtropical  ridge  aloft  and  on  the  lee  side  of  the  mountains, 
comes  to  an  end  and  or ogr aph i ca 1 ly  reinforced  precipitation 
develops  (table  6-2). 

During  early  summer,  surface  air  mass  discontinuities 
disappear.  Diminishing  temperature  differences  between  coastal 
waters  and  the  open  sea  spread  steadily  northward.  Crachin  is 
almost  unknown  south  of  25°I:  after  early  May.  However,  the  strong 
southerly  flow  over  relatively  cold  coastal  waters  in  rear  of  a 
May  tropical  storm  moving  westward  across  the  south  China  Sea  can 
bring  dense  fog  to  the  south  China  coast. 

Over  the  oceans,  air  and  water  are  generally  in  temperature 
equilibrium  with  one  another  and  scattered  cumuloform  cloud  is 
the  rule  in  undisturbed  conditions. 

In  May,  over  coastal  and  inland  areas  of  China,  Korea,  and 
Japan,  there  first  appears  the  peculiar  early  morning  rainfall 
maximum  typical  of  all  the  summer  months  (fig  V-2)  .  Usually  the 
morning  maximum  occurs  about  dawn  inland,  but  sometime  later 
along  the  coast,  where  it  probably  coincides  with  onshore  movement 
of  a  sea  breeze  convergence  zone.  Inland,  a  second  maximum,  which 
occurs  in  the  afternoon  and  evening,  reflects  convection  resulting 
from  intense  surface  heating, 

8.  Early  summer  disturbances 


Tropical  trough.  During  early  summer  the  region  of  tropical 
trough  intensification  shifts  from  Thai  land-Indo  China  to  the  Bay 
of  Bengal.  The  transition  occurs  most  often  in  either  the  first 
or  third  weeks  of  May.  Thus  when  the  first  trough  intensifies  in 


6-113 


the  ’  i  V  ,  Derma,  r  stand  '  1  Lying  beneath  sub  oi  ding  air  west  of  a 
trough  i  i  ,  experiences  he  :  .  fects  of  massive  convergence  east 
"i  tli'  k  i  s .  Its  dry  'cis  on  abruptly  ends  as  the  3ummer  monsoon 
burs'  s'  over  the  country. 


Further  east,  weather  u  v  : o n s  in  response  to  tropical 
trough  activity  as  in  earlier  months.  Consequently,  rainfall 
increases  steadily  ( f i g  I V - 2 )  ,  and  not  abruptly  as  in  Burma. 
\lchough  aui face  tempera  cure  gradients  flatten  as  summer  advances 
a  cold  water  remnant  persists  along  the  China  coast  which  becomes 
a  preferred  region  for  the  polar  front.  fhus  when  the  front  i3 
activated,  south  China  often  experiences  heavy  rain.  Development 
t  rain  and  thick  altostratus  sheets  over  southwest  Burma  and 
Thailand  indicates  subsequent  (not  too  long  after  deterioration 
further  east,  the  "spring"  or  plum1'  rains  of  Chi  and  Japan. 


By  June,  surface  frontal  discontinuity  ale; 
is  hard  to  find,  but  at  htghcr  levels,  temper  at 
still  exist.  Disturbances  on  the  front  can  be 
at  r>000  or  10,0  00  ft  than  at  sea  level.  Proper 
front  at  this  tin'1  of  year  are  not  well  under  s  t  on .. 


molar  front 
cast  9  may 
ily  located 
the  polar 


Occasionally  in  Kay  or  June  the  polar  front  lies  across 
south  China.  The  coastal  region  then  suffers  from  the  hot  humid 
but  relatively  rain-free  '  southwest  monsoon.'1 


Active  tropical  troughs  displace  the  subtropical  ridge  aloft 
well  south  and  cast  of  its  normal  position  over  the  South  China 
Sea.  When  this  happens  In  May  and  June,  true  tropical  storms 
neither  form  in  nor  move  into  the  South  China  Sea.  When  tropical 
troughs  are  absent,  the  ridge  moves  west  and  north  and  tropical 
disturbances  have  room  to  form  in  or  to  move  into  South  China  Sea. 
Often  these  disturbances  have  no  surface  closed  isobar  but  one 
can  sometimes  trace  a  rain  area  and  a  wind-shift  line  around  th 
subtropical  high  cell  and  onto  the  China  coast.  Tracking  a  rain 
area  is  not  too  hard,  for  at  this  time  of  year  weather  over  the 
Cnii.a  Seas  is  usually  very  fine  and  rain  shows  up  well. 

It  is  instructive  to  compare  mean  monthly  rainfall  amounts 
for  hong  Kong  and  Manila  listed  in  table  6-2,  for  these  reveal 
that  although  the  southerly  monsoon  reaches  Manila  before  Hong 


Table  6  _  2  . 
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af  footed 


the  northern  station  increases  signifi- 
or  three  months  earlier.  The  reason  is  that 
by  disturbances  stemming  from  tropical 
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trough  activity  while  Manila  in  early  summer,  although  experi¬ 
encing  low-level  cyclonic  southwesterly  flow,  is  oiten  overlain 
by  the  rain-inhibiting  subtropical  ridge, 


Hybrid  storms  of  the  South  China  Sea  (usually  in  June  but 
occasionally  Fn  Ju  ly7  AugUFt  or  SlTptember )  .  3y  June  the  south- 
north  temperature  gradient  has  weakened  sufficiently  f  or  ea  s  t  er  1  ies 
to  appear  just  below  the  tropopause  south  of  2  L>  °  i’ .  During  this 
month,  tropical  troughs  often  activate  the  polar  front  or  its 
remnant  shear  line  across  the  northern  part  of  the  South  Chino 
Sea,  Rather  meager  evidence  suggests  tnat  at  such  Limes,  a  high- 
level  westward  moving  cyclone  may  slowly  extend  its  circulation 
to  the  surface,  where  strong  winds  are  firsr  confined  to  the 
eastern  semicircle  and  then  spread  around  the  center.  The  winds 
seldom  exceed  45  kn  possibly  because  of  the  considerable  initial 
shearing  between  layers  and  proximity  to  the  coast.  During 
development  the  storm  is  stationary  or  moves  slowly  and  errati¬ 
cally;  when  finally  the  circulation  extends  throughout  the 
troposphere,  the  center  moves  westward.  On  an  average  one  such 
"hybrid"  storm  with  characteristics  of  both  warm-  and  cold-cored 
lows,  develops  every  June. 

A  similar  initial  distribution  of  westerlies  in  the  lower 
and  middle  troposphere  and  easterlies  above  is  found  over  the 
South  China  Sea  when  a  typhoon  is  filling  over  south  or  southeast 
China.  Thus  hybrid  storms  may  form  (although  rarely)  in  July, 
August  or  September. 

9.  Mid-summer  (late  June  or  early  July  to  mid-July) 

In  June,  the  subtropical  ridge  aloft  tends  to  move  north. 

At  times  during  the  month  the  ridge  axis  may  move  north  of  20°i!. 
South  China  then  lies  in  the  western  part  of  a  ridge  cell  and 
experiences  fine  weather  and  light  winds.  However,  such  a 
temporary  axis  shift  exposes  the  coast  to  westward  moving  storms. 
Statistics  show  that  the  risk  is  slight;  only  two  June  storms 
moving  from  east  have  given  gales  in  Hong  Kong  in  70  years. 

Available  evidence  indicates  that  early  in  July  in  most  years 
the  Northern  Hemisphere  subtropical  ridge  aloft  ;ljumps"  northward 
(fig  6-2).  Over  southeast  Asia  the  shift  occurs  so  regularly 
that  it  produces  the  most  important  weather  singularity  of  the 
year . 


In  June,  the  ridge  axis  usually  lies  near  21° N.  By  mid-July, 
however,  the  ridge  is  usually  found  along  23° r!  and  all  the  areas 
to  the  south  are  overlain  by  deep  easterlies. 

As  the  ridge  moves  north,  weather  over  south  China  becomes 
fine  and  the  land  dries  out  as  it  passes  (fig  IV-2) .  The  season 
of  westward  moving  disturbances  begins  and  the  region  lies  open 
to  the  great  typhoons  of  the  western  Pacific.  (Note  the  sharp 
increase  in  Manila  rainfall). 

10 .  Late  s ummer  and  fall  (mid-July  to  early  or  mid-October) 

This  is  the  typhoon  season.  Storms  forming  anywhere  east  of 
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the  ?h;  'tries  vn  a  y  now  move  steadily  we s t n or t hwe 3 t  and  eventually 
li'uch  up  or.  ;  ue  coasts  of  China  and  Indo  China.  Cain  comes  from 
typhoms,  tropical  storus  and  easterly  waves. 

'•  ■■  li r  a  !  1  v  ,  rainfall  in  more  eon  cent  ra  ted  than  in  early 
•;  u  •  .  1 .  l  ,  .1  U  ;i"i  ’ii  totals  s  l  t  /  about  the  same.  There  may  be  more 

rainless  duns  I  >r  t  here  is  always  a  fine  clear  day  or  two  in  the 
divergent  r  vie  ahead  ot  the  right  front  quadrant  of  an  advancing 
storm.  rhis  means  that  vafuabl  nop  or  wnd  observations  can 
o  V  ”  n  be  made  and  'ire  1  i  minary  storm  precau  Lions  carried  out  with 
minor  i n c  > nv enionce  , 


histi'f  ly  waves  'usually  in  early  summer  and  fall) 


.>  e  uth  of  the  subtropical  ridge  tine,  in  the  region  of  deep 
caster Ly  flow,  disturbances  may  move  westward.  easterly  waves  as 
they  ire  known  have  had  about  as  frantic  a  vogue  in  the  tropics 
as  fronts  before  them,  being  used  by  many  meteorologists  to  account 
for  ever/  niece  of  otherwise  inexplicable  bad  weather.  Dis¬ 
illusionment  has  of  course  sc^t  in  but  the  waves  should  not 
disappear  from  charts  for  they  arc  one  of  the  most  useful  tropica) 
models  yet  devised. 


As  the  name  implies  an  easterly  wave  i3  a  wave  distortion  of 
easterly  flow.  It  moves  westward  in  the  general  stream  but  rather 
more  slowly.  The  classical  model  seldom  closely  resembles  actual 
waves  but  one  should  become  familiar  with  its  characteristics 
(fig  6  -  '* )  . 


There  may  be  little  temperature  or  pressure  variation  across 
the  wave,  in  tr.t  t  per a  cure 3  or  pressures  are  as  likely  to  rise 
as  faLl  with  In1  package.  It  can  most  readily  be  detected  in  the 
wind  field  for  winm:  back  ahead  of  the  wave  and  veer  behind  it. 
The  wave  is  generally  most  intense  at  around  10,000  ft  but  can 
seldom  be  detected  above  .15,000  ft. 

Using  the  following  definitions, 

q  =j  relative  vorticity 
f  coriolis  parameter 
•A  p  -!  depth  of  a  column  of  air 

let  us  consider  the  dynamics  of  an  easterly  wave.  The  Rossby 
vorticity  theorem  states  that  q  4-  £  =•  const.,  if  one  makes  the 

TTP — 

important  assumption  that  the  atmosphere  is  an  ideal,  frictionless 
homogeneous,  incompressible  gas  in  purely  horizontal  motion. 
Surprisingly,  considering  these  assumptions,  the  theorem  seems  to 
be  generally  valid  for  many  tropical  disturbances.  In  an  easterly 
wave  moving  more  slowly  than  its  surrounding  flow,  air  east  of 
the  wave  axis  moves  into  an  area  of  increasing  f  and  increasing  q. 
This  means  that  individual  air  columns  stretch  and  convergence 
with  upward  motion  takes  place.  Ahead  of  the  axis,  air  moves  into 
an  area  of  decreasing  C  and  decreasing  q ,  individual  air  columns 
shrink  and  divergence  with  sinking  takes  place.  Thus  the  moist 
layer  is  deeper  east  of  the  axis  and  precipitation  tends  to  be 
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Figure  6-5.  An  idealized  cross-section  through  an  easterly  wave  at  sea.  (From  The  Mariners 
Weather  Log) . 


>  ■'  c  ■  n  t  l  .1  '  i>  .1  ,1 


'i  i  wiv  vi-rc  t  '  niiu'c  faster  than  the  general  uinds ,  changes 
in  ;  and  1'  v  ml  h  » v  waste  signs  and  distribution  of  con-  ! 

v  .•  .• •  n  .  and  d  !  ■■  r  o  r.  '  c  1  J  depend  on  the  relative  magnitudes 

ii  1  and  q.  'n  the  I’ai'iiu,  had  weather  appears  to  be  as 

lr  ;  u  n !  I  y  obscrvi  1  ah  id  a.  as  in  the  rear  of  easterly  waves.  ' 

diet  r ly  waves  Tossing  the  Philippines  may  curve  around  the 
ridge  from  the  Pacific  anti  eye  line  and  eventually  appear  as  waves  i 

on  th  polar  Iron t.  Du  ring  the  period  of  recurvature  they  are  s 

hirl  to  detect  in  Lhe  wind  field  hut  thefr  associated  bad  weather 
a  r  o  usu.i  L  ly  persists. 

Although  some  easterly  waves  may  give  severe  rains,  particu-  ; 

iirly  over  mountainous  islands,  many,  especially  over  the  open 
ocean  are  accompanied  by  nothing  more  troublesome  than  a  few 
showers.  flevcrt  hclcss  they  should  all  be  carefully  watched  for 
s one  may  be  nascent  typhoons,  phenomena  no  one  ignores. 

In  July,  August  and  September  a  well-marked  surface  low 
-ires  sure  trough  extends  from  just  west  of  Guam  to  central  China. 

ii  a  u  t  r  1  y  waves  moving  into  the  trough  rapidly  change  into  • 

vortices  and  no  longer  resemble  the  model.  '■ 

1.1.  Typhoons.  (these  are  the  subject  of  separate  reports)  I 

13.  Cloud  and  rainfall 


The  cloud  and  rainfall  patterns  of  May  (early  summer)  differ 
from  those  of  August  (late  summer)  (fig  6-6).  Considering  only 
cloudiness,  since  the  rainfall  charts  exhibit  similar  features, 
we  find  that  in  May  a  minimum  occurs  along  the  subtropical  ridge 
and  a  maximum  in  the  region  of  the  polar  front  beneath  the  jet 
stream  remnant. 

In  August,  the  northern  location  of  the  subtropical  ridge  is 
reflected  by  a  cloud  minimum  along  about  30°1I,  while  south  of 
20 0  i!  clouds  have  increased  with  the  increase  in  tropical  dis¬ 
turbances.  Orographic  effects  due  to  a  predominance  of  south  or 
southwest  surface  flow  show  over  Indo  China,  the  Philippines, 
Formosa  and  Japan. 
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TROPICAL  CLOUD  PHYSICS 


1.  Introduction 


Condensation,  growth  and  precipitation  usually  occur  simul¬ 
taneously  in  clouds,  with  each  process  continually  merging  with 
and  transforming  into  the  others.  Although  in  this  short  dis¬ 
cussion  of  tropical  cloud  physics  it  will  be  convenient  to  treat 
them  separately,  one  should  remember  that  the  separation  has 
merely  pedagogic  and  not  physical  justification. 

2 .  Conde  n3  a  t i o  n 


In  air  free  of  aerosols  and  ions,  condensation  of  water  vapor 
occurs  only  if  the  supersaturation  reaches  several  hundred  percent 
In  the  atmosphere,  abundant  foreign  particles  serve  as  ready-made 
nuclei  for  condensation  and  prevent  these  large  supersaturations 
from  being  achieved. 

Ionized  particles  (not  filterable  by  ordinary  methods)  can 
act  as  condensat  i"on  nuclei  if  the  ratio  of  the  vapor  pressure  to 
the  saturation  vapor  pressure  'saturation  ratio)  =  4  for  negative 
ions;  6  for  positive  ions;  i.e.,  relative  humidities  of  400 
percent  or  600  percent.  Except  in  the  laboratory,  these  degrees 
of  supersaturat ion  are  never  observed  and  hence  one  must  conclude 
that  ions  are  not  important  nuclei  and  that  much  more  effective 
nucleating  agents  are  always  to  be  found  in  the  atmosphere. 

Consider  a  droplet  of  pure  water  introduced  into  a  just 
saturated  atmosphere.  Since  the  equilibrium  vapor  pressure  over 
the  drop  exceeds  that  over  a  plane  water  surface,  the  drop  will 
evap  te. 

A  nucleus  of  an  insoluble  particle  serves  to  facilitate 
condensation  at  a  degree  of  super  saturat  ion  v'*,'''h  diminishes  with 
increasing  nucleus  size.  If  the  nucleus  is  porous  or  contains 
recesses,  capillary  condensation  will  be  able  to  set  in  at 
relative  humidities  below  100  percent. 

If  a  droplet  nucleus  is  wholly  or  partly  soluble,  condensa¬ 
tion  will  begin  at  a  lower  super s a t ur a t i on  than  on  an  insoluble 
particle  of  the  same  size.  This  arises  from  the  fact  that  at  the 
soluble  surface,  equilibrium  vapor  pressure  is  reduced  by  an 
amount  depending  upon  the  nature  and  concentration  of  the  solute. 

There  are  thus  two  effects.  The  equilibrium  vapor  pressure 
is  inversely  proportional  to  the  drop  radius  ani  to  the  solute 
concentration.  Hence  nucleus  droplets  must  be  larger  than  a 
critical  size  for  a  certain  supersaturation  if  they  are  to  grow 
to  form  water  (cloud)  droplets. 

it  has  been  found  that  all  sodium  chloride  .( 1! a C 1 )  nuclei  with 
mass  >  10-15  gm  and  nonsoluble  nuclei  with  radius)  1  micron 
(1/1000  mm)  require  super sa t ur a t i ons  of  less  than  0.1  percent  for 
them  to  act  as  centers  of  continued  condensation. 
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In  addition  to  solid  insoluble  particles,  end  soluble  natter 
giving  rise  to  pure  solution  droplets,  aerosolo  may  also  consist 
)f  mixed  nuclei  which  arc  pertly  soluble,  partly  insoluble*  The 
latter  two  groups  being  hygroscopic  will  obviously  bo  preferred 
as  centers  of  condensation. 

Whether  or  not  non-hygr os  cop  1 c  particles  play  a  significant 
role  in  cloud  formation  depends  largely  on  the  number  and  elsae 
of  the  hygroscopic  nuclei  present,  since  in  general  these  will  be 
favored.  Moreover,  in  view  of  the  fact  that  Insoluble  particles 
may  obtain  a  hygroscopic  film,  either  by  capturing  small  solution 
droplets  or  by  acting  as  condensation  surfaces  for  trace  lmpuri- 
ties,  it  may  be  that  non-hygr os  cop i c  particles  are  rare  in  the 
free  atmosphere.  They  can  certainly  be  Ignored  over  and  near  all 
the  tropic  oceans  and  probably  elsewhere  as  well. 

Generally,  nuclei  are  moat  heavily  concentrated  over  cities 
(approx.  140,000  cm-3)  and  least  over  oceans  (approx.  900  cn-3) , 

Hygroscopic  nuclei,  which  are  among  the  largest  and  moat 
efficient,  are  believed  to  originate  from  sea  salts  and  from 
combustion  processes.  There  is  no  doubt  that  condensation  nuclei 
are  produced  by  the  disintegration  of  sea  water.  Sea-salt 
particles  have  been  found  in  the  sir  over  the  sea  up  to  heights 
of  10,000  ft,  their  numbers  increasing  in  strong  winds,  and  they 
are  also  advected  over  land. 

However,  sea  salt  nuclei  are  only  a  minor  constituent  of 
atmospheric  aerosol.  Even  over  the  ocean  where  spray  is  being 
produced,  their  concentration  may  not  greatly  exceed  100  cm-3. 

Of  the  nuclei  involved  in  cloud  droplet  formation,  perhaps  one 
tench  consist  of  sea  salt,  and  the  rest  of  mixed  nuclei  and  the 
products  of  natural  or  man-made  fires. 

3 .  Growth 

There  are  two  conceivable  processes  by  which  nucleus  droplets 
may  attain  radii  of  several  microns  and  so  form  cloud  or  fog: 

a)  diffusion  of  water  vapor  to  and  its  condensation  on  their 
surfaces , 

b)  growth  by  the  coalescence  of  droplets  moving  relative  to 
one  another. 

Since  the  rate  of  increase  of  droplet  radius  by  diffusion  is 
inversely  proportional  to  the  radius  itself  and  since  coalescence 
rates  depend  upon  droplet  size  we  should  expect  diffusion  processes 
to  contribute  most  to  the  growth  of  very  small  cloud  droplets  and 
collision  processes  to  contribute  most  to  the  growth  of  large 
cloud  drop  lets. 

Obviously,  both  processes  operate  at  once  and  their  contri¬ 
butions  cannot  be  measured  or  separated  outside  the  laboratory. 
However,  many  theoretical  computations  indicate  that  collisions 
contribute  very  little  to  the  growth  of  droplets  with  radii  of 
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leas  than  15  Co  20  microns. 


The  gize  distribution  of  cloud  droplets  Is  controlled  not 
only  by  the  micro-physical  processes  of  droplet  growth  on  nuclei, 
but  also  by  the  larger  scale  processes  of  cloud  dynamics  which 
will  determine  the  cloud  dimensions,  the  degree  of  mixing  with 
the  environment,  the  distribution  of  vertical  velocity,  the  scale 
and  intensity  of  turbulence,  and  the  period  for  which  individual 
droplets  will  remain  in  the  cloud. 

4 .  Precipitation 

Since  we  are  considering  tropical  clouds,  we  can  restrict 
ourselves  to  only  one  form  of  precipitation  -  rain.  Although 
hail  does  occur  in  the  tropics  it  is  sufficiently  rare  not  to 
warrant  treatment  in  Che  space  of  a  single  lecture. 

Droplets  moving  downward  from  the  base  of  a  cloud  immedi¬ 
ately  begin  to  evaporate  and  of  course  the  evaporation  is 
proportional  both  to  the  height  of  the  cloud  base  and  to  the 
dryness  of  the  air  beneath.  As  a  rough  rule  a  radius  of  about 
100  microns  may  be  regarded  as  a  lower  limit  to  the  size  of 
precipitation  elements.  The  condensation  process  alone  cannot 
produce  droplets  of  average  radius  s  30  microns  and  since  these 
evaporate  completely  after  falling  a  few  feet  In  unsaturated  sir 
they  cannot  reach  the  ground  as  precipitation. 

What  then  is  the  mechanism  operating  to  Increase  cloud 
particle  sizes? 

a)  Bergeron  in  1935  (supported  later  by  Findeisen)  was 
quite  positive  he  had  the  correct  answer.  Having  concluded  that 
hydrodynamic  attraction  forces,  differences  of  capillary  and 
hygroscopic  forces,  temperature  differences  and  collisions  result, 
ing  from  turbulence  were  all  inefficient  or  much  too  slow,  he 
announced  categorically  that  the  only  factor  which  could  account 
for  the  release  of  precipitation  was  the  appearance  of  a  few  ice 
crystals  among  a  much  larger  population  of  supercooled  droplets 

in  those  parts  of  the  cloud  where  the  temperature  was  below  -10°C. 
Since  water  saturation  represents  supersaturation  with  respect  to 
ice,  condensation  would  take  place  continuously  on  the  ice,  liquid 
water  at  the  same  time  evaporating  from  the  droplets  until  the 
liquid  phase  was  entirely  consumed.  Bergeron  therefore  claimed 
that  almost  all  raindrops  originate  as  ice  particles  which  grow 
copiously  in  this  way  and  hence,  that  all  rain  clouds  must  extend 
well  above  the  level  of  the  0®C  isotherm. 

b)  Of  course  it  has  been  known  for  many  years  that  in  the 
tropics  at  least,  showers  often  fall  from  clouds  with  tops  many 
thousands  of  feet  beneath  the  0°C  level  and  in  recent  years  care¬ 
ful  visual  and  radar  observations  have  shown  beyond  all  doubt 
that  in  tropical  regions  heavy  rain  may  fall  from  clouds  which 
are  entirely  beneath  the  C>4C  level. 

We  must  conclude  then  that  at  least  for  the  tropics,  Bergeron 
and  Findeisen  are  wrong  and  that  some  sort  of  coalescence  process 
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nose  effectively  produces  precipitation  in  the  tropica. 

Three  parameters  having  an  Important  bearing  on  which 
mechanism  dominates  in  releasing  precipitation  from  a  particular 
cloud  or  cloud  system  arc: 

1)  temperature  of  cLoud  base, 

2)  cloud  thickness  .  together  these  two  largely  control  the 
liquid  water  content  of  the  cloud  and  whether  or  not 
raindrops  may  be  produced  by  coalescence, 

3)  temperature  of  cloud  top  .  indicating  Che  likely  presence 
or  absence  of  ice  crystals. 

Not  merely  is  there  good  evidence  that  drop  growth  by 
coalescence  is  the  predominant  mechanism  for  releasing  showers 
from  tropical  clouds  but  by  using  radar,  researchers  found  in  the 
central  United  States  that  in  60  percent  of  midsummer  clouds 
reaching  the  -20°C  level  an  initial  precipitation  echo  was 
received  from  regions  beneath  the  0 # C  level.  These  echoes  must 
have  returned  from  raindrops  formed  by  the  coalescence  process. 

In  order  for  the  coalescence  process  to  be  effective,  the 
growing  droplet  must  remain  within  the  cloud  long  enough  to  reach 
the  size  of  a  raindrop.  Time  lapse  photos  of  tropical  cumulus 
and  measurements  within  tradewind  cumulus  show  these  clouds 
growing  in  a  succession  of  bubble-like  spurt3,  mostly  observed 
to  occur  in  a  central  cloud  column  protected  by  surrounding  cloud 
from  evaporation  or  entrainment  erosion  by  unsaturated  cloud-free 
air . 

For  a  cloud  particle  to  become  a  precipitation  element  it 
must  reach  some  rather  critical  size  during  the  time  taken  for 
cloud  air  to  rise  from  the  base  to  the  summits,  such  that  it  shall 
have  settled  some  hundreds  of  feet  relative  to  the  air,  gained  a 
fall  speed  about  equal  to  that  of  the  updrafts  near  the  cloud  top 
(approx.  1  m  sec-1),  and  have  the  capacity  for  falling  with  in¬ 
significant  shrinking  through  several  hundred  of  feet  of 
unsaturated  air  and  hence  the  chance  to  survive  even  if  caught  in 
the  general  evaporation  of  a  cloud  turret  -  and  so  resume  its 
growth  by  settling  into  a  newly  rising  mass  of  air  within  the 
cloud  bulk.  The  critical  drop  size  seems  to  be  about  150  microns. 
Whether  this  size  is  reached  depends  on  depth  of  cloud  traversed, 
updraft  speed  and  liquid  concentration  which  is  largely  determined 
by  the  temperature  of  the  cloud  base  and  the  degree  of  mixing  of 
the  cloudy  air  with  the  drier  environment.  If  the  entire  cloud 
is  small,  its  life  nay  be  only  a  little  longer  than  the  time  taken 
for  particles  to  reach  the  critical  size  -  thus  they  are  prevented 
from  growing  into  precipitation  elements  -  if  the  cloud  is  large, 
a  shower  is  almost  certain  to  develop,  although  a  strong  wind 
shear  may  intervene  both  by  reducing  the  life  of  the  cloud  and  by 
causing  large  particles  settling  out  of  the  cloud  tops  to  fall 
into  clear  air  rather  than  into  succeeding  bubbles  where  they  may 
continue  their  growth.  Fig  7-1  follows  two  cumulus  cloud  particles 
through  a  20-minute  sequence.  One  particle  grows  to  a  precipitation 
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Figure  7- 1 .  Schematic  representation  of  the  structure  of  cumulus. 
The  approximation  of  the  liquid  water  content  (in  gm  m-3)  to  that 
in  air  rising  from  the  base  unmixed  is  indicated  for  two  successive 
rising  "bubbles"  of  cloud  air*^  The  successive  positions  of  two 
cloud  particles,  one  of  which  (white  dot)  grows  into  a  precipita¬ 
tion  element  are  also  shown.  (From  "The  production  of  showers  by 
the  growth  of  ice  particles"  by  F.  H.  Ludlam  in  Q.  J.  toy.  Meteor. 
Soc.,  78,  543-555.  1952). 


Figure  7-2.  Various  stages  in  the  formation  of  cumulus. 

A  — old  ring  of  original  cloud  elements  greatly  expanded  and  added 
to  minor  eddies. 

B--decaylng  ring. 

C--active  ring  of  the  growing  top. 

D--nelghbor ing  primitive  cloud  element,  with  secondary  eddy  Just 
passing  through. 

(From  "An  indirect  aerology  of  the  tropical  Pacific"  by  C.  E. 
Palmer  et  al,  U.  of  California,  Inst,  of  Geophys.,  131  pp.  1956). 
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element,  the  other  does  not 


For  a  cloud  bubble  to  move  upward  it  mu3t  be  less  dense  than 
its  environment.  However,  at  leaot  in  the  trade  winds,  cloudy 
areas  are  colder  than  surrounding  eleer  areas.  Malleus  explains 
this  apparent  anomaly  by  pointing  out  that  \  cloudy  a-ea  is 
composed  of  a  small  fraction  of  actively  buoyant  rapidly  rising 
updrafts,  a  comparable  small  fraction  of  strongly  sinking, 
negatively  buoyant  downdrafts  and  a  great  predominance,  area-wise 
of  decaying  cloud  mutter  and  weakly  subsiding,  slightly  nega¬ 
tively  buoyant  air.11 

Although  many  laboratory  experiments  have  been  designed  to 
determine  coalescence  efficiencies,  results  to  date  are  somewhat 
contradictory.  We  can  be  sure,  however,  that  coalescence, 
especially  in  the  tropics  is  a  much  more  effective  precipitation 
initiator  than  Bergeron  Imagined. 

Palmer  has  suggested  that  tropical  cumulus  grow  as  a  succes¬ 
sion  of  ring  vortices  instead  of  bubbles  (fig  7-2),  and  certainly 
time  lapse  photos  lend  as  much  support  to  this  theory  ns  to  the 
bubble  theory.  For  our  purpose,  either  seems  to  fit  the  obser¬ 
vations  pretty  well  and  to  account  adequately  for  the  very  short 
life  cycle  (a  few  minutes)  of  individual  cloud  elements,  the  prime 
importance  of  the  central  ascending  column  protected  from  entrain¬ 
ment,  and  the  inhibiting  effect  of  vertical  shear  on  precipitation. 

There  is  little  doubt  that  the  longer  a  droplet  remains  in  a 
cloud,  the  larger  it  should  become  before  precipitating.  Hence 
we  find  a  close  connection  between  deep  clouds  with  strong 
upeurrents,  and  large  raindrops.  However,  often  in  tropical 
maritime  regions  an  extremely  small  cumulus  cloud  precipitates  a 
few  drops  of  quite  enormous  size.  These  most  probably  have  formed 
around  giant  hygroscopic  salt  nuclei  which  originated  as  sea 
spray.  These  nuclei  have  masses  exceeding  10-10  gn  /or  ioO.OOO 
times  as  heavy  as  the  average  hygroscopic  nuclei)  and  have  radii 
exceeding  20  microns.  Even  in  small  clouds  such  nuclei  can  very 
rapidly  grow  to  cons ider c.5.*  le  size.  However  since  their  concen¬ 
trations  are  low  ( 10- Jcro-3)  the  ruitDbf.r  of  large  raindrops  forming 
on  them  is  small. 

Since  very  few  measurements  heve  been  made  in  tropical  middle 
and  high  clouds,  any  discussion  of  their  physical  properties 
would  be  largely  conjectural, 
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LOCAL  EFFECTS 


1 .  I ntroduct i on 

The  discussion  in  Chapter  3  of  ?A  provides  an  excellent  basis 
for  further  consideration  of  the  local  effects  of  topography  on 
the  meteorological  elements. 

Synoptic  meteorologists  must  work  with  observations.  In  the 
tropics,  as  elsewhere,  tnese  observations  are  made  in  centers  of 
population  and  not  usually  where  local  effects  are  least  and 
where  conditions  are  typical  of  a  wide  area. 

In  one  respect  tropical  synoptic  meteorologists  are  better 
off  than  their  high  latitude  colleagues.  A  good  number  of  ocean 
observing  stations  are  sited  on  tiny  coral  islands  which  rise 
only  a  few  feet  above  the  surrounding  ocean.  It  is  reasonable  to 
assume  that  local  effects  in  these  spots  do  not  significantly 
distort  the  overall  picture. 

In  the  tropical  Pacific  the  island  spectrum  ranges  from  coral 
specks  a  foot  or  two  above  sea  level  to  the  great  rugged  masses 
of  Borneo  and  New  Guinea.  The  smallest  coral  islets  exert  no 
measurable  effect  on  any  meteorological  element;  islets  large 
enough  for  an  airstrip  do  affect  temperature .  On  Eniwetok  which 
has  a  lagoon  24  miles  long  and  IQ  mileTs  wi'de ,  the  diurnal  range 
of  temperature  in  a  standard  shelter  standing  on  coral  amounts  to 
10°F  whereas  the  range  over  the  center  of  the  lagoon  is  only  5*F. 
Temperatures  of  inshore  lagoon  waters  are  often  1*F  higher  than 
those  in  the  central  lagoon  v/hich  are  never  more  than  1/2*F 
higher  than  the  open  ocean  temperatures.  Large  low-lying  coral 
island.’,  exemplified  by  Christmas  Island  with  160  square  miles  of 
exposed  coral,  produce  correspondingly  greater  local  temperature 
distortions . 

Somewhat  larger  islands  with  peaks  below  1000  ft  such  as 
Tinian  and  Yap,  distort  surface  winds  as  well  as  temperatures  but 
appear  to  have  no  appreciable  effect  on  clouds  or  rainfall. 

Larger  and  more  mountainous  islands  about  the  size  of  Guam 
and  the  main  Hawaiian  Islands  distort  winds  up  to  considerable 
heights  and  sharply  modify  the  distributions  of  clouds  and  rain¬ 
fall. 


The  very  large  islands  of  the  Philippines  and  Indonesia 
besides  causing  sharply  defined  local  variations,  so  modify  the 
large  scale  distribution  of  meteorological  elements  over  a  wide 
area  that  the  effects  are  easily  recognizable  on  small  scale 
synoptic  charts. 

2.  Temperatures 


By  ignoring  the  effects  of  precipitation,  well  covered  in  PA, 
improved  representativeness  may  be  obtained  by  using  the  dew 
point  as  an  air  mass  indicator.  Of  course  its  value  is  limited 
to  fair  weather,  for  it  becomes  quite  unrepresentative  if  moisture 
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has  been  extracted  by  up-wind  precipitation  or  added  by  evapora¬ 
tion  from  local  precipitation. 

3 .  Winds 

Surface  winds  in  the  tropics,  except  over  low-lying  coral 
islands  ere  notoriously  unrepresentative.  At  any  one  time,  the 
observed  surface  wind  is  the  vector  resultant  of  the  synoptic 
wind,  the  local  orographic  wind  ana  the  local  thermally  induced 
wind.  The  proportions  are  never  the  same  from  hour  to  hour  or 
even  on  either  side  of  an  airfield.  Except  when  the  synoptic 
wind  is  far  stronger  tt.an  the  other  components,  rs  is  often  the 
case  in  a  typhoon  circulation,  a  meteorologist  despairs  of  dis¬ 
covering  it  among  the  mess  of  local  wind  components.  Nevertheless, 
at  least  for  major  stations,  one  should  have  sufficient  apprecia¬ 
tion  of  the  effects  of  local  winds  and  their  diurnal  variations 
to  notice  those  shifts  in  the  surface  wind  which  can  only  betoken 
significant  changes  in  the  synoptic  wind. 

Upper  winds,  especially  whan  measured  at  stations  on  rugged 
coasts,  often  show  diurnal  variations  in  both  speed  and  direction 
to  appreciable  heights.  For  example,  in  Hong  ICong  where  hills 
are  from  2000  to  3000  ft  high,  mean  5000  ft  resultant  winds  for 
the  summer  months  show  increasing  offshore  directions  between 
morning  and  afternoon  as  follows: 


Hay 

June 

July 

Au  gu  s  t 

036° 

024° 

060* 

Anno 

Uuu 

One  expects  the  sea  breeze  circulation  to  cause  surface  wind 
distortions  while  often  completely  ignoring  the  upper  branch  of 
the  cell.  As  these  figures  show,  the  return  flow  may  be  far  from 
negligible.  Although  generalization  is  dangerous,  a  fair  rule 
would  indicate  that  low-level  observed  winds  are  likely  to  be 
least  distorted  by  local  effects  an  hour  or  two  after  dawn  and  an 
hour  or  two  after  sunset.  Thus,  over  the  western  Pacific,  synop¬ 
tic  situations  should  be  better  reflected  by  the  03  and  12  GCT 
observations  than  by  the  06  and  10  GCT  observations. 

4  .  Cl ouds  and  rain 

Since  local  variations  in  the  distribution  of  clouds  and  rain 
are  usually  closely  connected  to  wind  anomalies.,  we  are  faced  with 
the  same  problem  posed  by  the  winds  -  how  to  deduce  the  synoptic 
large  scale  picture  from  the  distorted  local  picture?  The  problem 
can  be  most  successfully  attacked  by  first  determining  the  dis¬ 
tribution  of  winds  and  weather  under  different  synoptic  situations 
using  either  aerial  reconnaissance,  time  lapse  cloud  photography, 
radar  scanning,  or  a  dense  station  network.  Figs  7-1  and  7-2  are 
examples  of  this  method, 

5 .  Diurnal  curve s 

The  diurnal  variation  of  pressure  at  all  tropical  stations 
and  the  diurnal  variations  of  temperature,  wind,  cloud,  and  rain 
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Figure  8-1.  Topography  and  cloud  distribution  over  and  around  Puerto  Rico  near  noon  on 
T5  June  TT32.  A  fairly  symmetric  orographic  convection  cell  with  ascent  over  the  island 
an4,  compensating  subsidence  in  the  surrounding  ring.  (From  "The  effects  of  a  large  island 
upon  the  tradewlnd  alrstream"  by  J.  S.  .  alk.ua  in  Q.  J.  Roy.  Meteor.  Soc. ,  81,  538-550.  1955.) 


Figure  8-2.  The  zone  of  convergence  which  was  observed  in  the 
Ceram  sea  and  MacCleur  Gulf  when  an  easterly  stream  flowed  around 
the  mountain  chain  of  New  Guinea.  Also  shown  are  the  assumed 
winda  at  1200  ft  under  conditions  of  east  southeaster ly  flow. 

Thia  convergence  zone  was  observed  to  be  of  greatest  intensity 
when  the  direction  of  the  stream  was  eastsoutheast  and  the  speed 
was  15  kn  or  more,  conditions  which  obtained  most  often  from  April 
to  October.  The  zone  extends  about  300  mi  in  an  east-west 
direction  and  the  cumulus  and  cumulonimbus  clouds  which  build 
up  in  it  reach  maximum  development  shortly  before  dawn.  The 
early  morning  cloud  structure  usually  dissipated  during  the  day 
in  phase  with  the  normal  cumulus  cycle  of  the  region,  the  afternoon 
infrequently  having  more  than  scattered  cumulus.  (From  "Examples 
of  topographic  convergence  in  the  equatorial  zone  between  95*E 
and  160°E"  by  A.  H.  Glenn  in  Bull.  Amer  .  Meteor.  Soc.,  30,  50-55. 
1949)  . 
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over  all  but  very  small  islands  generally  exceed  all  synoptic 
variations  except  those  produced  by  tropical  cyclones.  In  order 
then  to  deduce  the  synoptic  picture  from  the  observations,  a 
meteorologist  must  be  able  to  refer  to  the  following  diurnal 
curves  for  each  important  station: 


a)  Surface  pressure. 

b)  Wind  speed  and  direction  -  surface  and  aloft. 

c)  Rainfall  frequency,  amount  and  duration, 

d)  Low  cloud  bases,  amounts  and  possibly  types. 

e)  Visibility  and  frequencies  of  visibilities  below 
operating  limits. 


Near  the  equator,  one  or  two  sets  of  curves  would  probably  suffice 
to  describe  the  whole  year.  Further  from  the  equator  where 
seasonal  influences  become  significant,  at  least  four  sets  of 
curves  (one  for  each  season)  would  be  needed. 


Marked  deviations  of  an  observation  from  normal  curves, 
indicate  corresponding  deviations  of  the  synoptic  situation  from 
normal.  For  example,  along  the  southeast  China  coast  summer 
rainfall  possesses  a  sharp  morning  maximum  (fig  V-l) .  Thus  rain 
in  the  morning  is  usually  less  likely  to  persist  than  rain  in  the 
afternoon.  Spring  sea  fog  in  this  region  also  shows  a  pronounced 
morning  maximum.  In  a  stagnant  synoptic  situation,  a  meteorolo¬ 
gist  would  be  most  foolhardy  to  forecast  that  a  fog  which 
developed  in  the  afternoon  would  dissipate  before  the  following 
afternoon. 
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WEATHER  RECONNAISSANCE 


1.  Introduction 


Aerial  weather  reconnaissance  has  been  conducted  on  the 
present  scale  since  1944  when  the  53th  Reconnaissance  Squadron 
was  established  to  support  the  20th  Air  Force  in  the  western 
Pacific  area.  Since  that  time  many  weather  missions  have  been 
flown  over  most  of  the  North  Pacific  to  reconnoiter  potential 
storm  areas,  track  hundreds  of  typhoons  and  help  fill  in  vast 
oceanic  gaps  in  the  world-wide  weather  observational  network. 

For  example,  since  the  first  typhoon  penetration  made  in  October 
1947,  the  54th  Weather  Reconnaissance  Squadron  has  flown  some 
1000  typhoon  missions  on  200  or  more  different  storms. 

In  recent  years  there  has  been  an  increasing  trend  toward 
flexibility  in  reconnaissance  tracks  and  altitudes  flown.  This 
trend  is  in  part  due  to  a  desire  to  cover  larger  areas  of  the 
Pacific  Ocean  with  fewer  aircraft  of  the  WB-50  type.  In  recent 
years,  meteorologists  believing  that  the  mechanisms  which  "trigger" 
depressions  into  typhoons  may  be  readily  identified  at  high  levels 
(30,000-40,000  ft),  have  placed  greater  emphasis  on  reconnaissance 
at  these  levels. 

2.  Areas  of  reconnaissance 


The  majority  of  reconnaissance  conducted  in  the  Pacific  area 
is  done  by  squadrons  of  the  Air  Weather  Service,  USAF,  The  U.  S. 
Navy  usually  undertakes  reconnaissance  on  request, 

Australia  and  perhaps  Russia  may  also  conduct  weather  recon¬ 
naissance  in  the  Pacific.  Australia  has  undertaken  reconnaissance 
in  the  Timor  Sea  near  northwestern  Australia  on  a  research  basis. 
However,  a  more  practical  area  for  reconnaissance  would  be  the 
ocean  expanse  between  New  Caledonia  and  the  Queensland  coast. 
Economy  considerations  restrict  any  extensive  programs. 

3 ,  Tracks 

Fig  9-1  illustrates  the  routine  reconnaissance  tracks  for 
1959.  These  tracks  are  generally  defined  by  agreement  between 
Air  Weather  Service  meteorologists  and  reconnaissance  squadron 
commanders.  The  tracks  are  changed  from  time  to  time.  Missions 
to  explore  suspicious  areas  and  missions  to  reconnoiter  known 
typhoons  hold  precedence  over  missions  conducted  along  the  routine 
tracks , 

As  a  matter  of  interest,  the  reconnaissance  tracks  are  named 
after  birds  native  to  the  area.  Petrel  and  Loon  flights  are  based 
on  Hawaii,  Buzzard  flights  on  Japan  and  Vulture  flights  on  Guam. 

Most  of  the  AWS  reconnaissance  flights  are  made  either  at 
700  or  500  mb.  However,  flights  which  are  aimed  at  initial 
detection  of  typhoons  are  flown  entirely  at  700  mb  every  day 
during  the  typhoon  season,  Several  flights  are  now  being  flown 
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at  250-200  rab  level  from  Japan  and  McClellan  AF3  . 

Dropgondes  and  weather  observations  are  made  at  regular 
intervals  throughout  the  track  (see  fig  9-1).  Weather  observa¬ 
tions  are  usually  made  at  intervals  of  100-200  mi  but  most 
commonly  at  150  mi  intervals. 

4.  The  reconnaissance  code  and  its  application  to  the  tropics 

Early  code  forms  for  weather  reports  from  aircraft  were 
developed  from  codes  used  by  surface  weather  observers. 

The  fact  that  the  observation  taken  from  an  aircraft  differs 
markedly  in  scope  from  the  surface  observation  prompted  recon¬ 
naissance  representatives  to  develop  new  codes  taking  into  account 
the  basic  differences  between  surface  and  aircraft  weather  reports. 
Fig  9-2  describes  the  reconnaissance  code  tables  in  their  present 
form  (1959) . 

In  the  RECCO  code,  the  aircraft  is  considered  to  be  located 
at  the  center  of  a  cylinder  of  air  30  nautical  mi  in  radius. 

From  this  position,  present  weather,  cloud  types  and  amounts, 
flight  conditions,  and  other  observational  elements  are  observed 
and  reported  as  occurring  within  the  cylinder. 

Outside  the  cylinder,  the  quadrantal  concept  has  been  intro, 
duced  to  report  prevailing  conditions  in  the  four  major  quadrants. 
In  the  event  that  a  phenomenon  of  importance  exists  but  is  not 
predominant  in  a  quadrant,  it  is  reported  as  weather  off-course. 

As  a  further  extension  of  the  observational  range  two  groups  are 
included  for  reporting  radar  echoes.  Fig  9-3  illustrates  the 
basic  observational  concept  of  the  RECCO  code. 

The  present  reconnaissance  squadrons  now  have  the  capability 
of  covering  any  area  in  the  Pacific  in  which  tropical  cyclone 
activity  is  suspected.  However,  there  is  some  difficulty  in 
applying  the  RECCO  code  to  tropical  regions.  This  is  a  result  of 
the  code  originally  being  developed  for  mid-  and  high-latitude 
regions.  Evidently  some  disagreements  in  encoding  and  decoding 
the  data  have  developed.  It  tray  be  worthwhile  to  point  out  those 
parts  of  the  RECCO  code  inappropriate  for  tropical  weather  recon¬ 
naissance  . 

Present  weather  (W)  and  past  weather  (w).  The  greatest 
difficulty  here  lies  in  encoding  weather  conditions  typical  of 
the  tropics.  This  is  one  section  where  special  weather  codes, 
which  are  more  applicable  to  the  tropics,  would  be  desirable.  In 
some  cases  it  would  be  desirable  to  encourage  weather  reconnais¬ 
sance  observers  to  use  the  remarks  section  more  frequently  where 
the  encoded  weather  group  does  not  adequately  describe  existing 
condi t ions  . 

These  same  statements  also  apply  to  quadrant  weather  (Qw,  Qg> 

Qs »  Qw) •  Quadrant  weather  reported  accurately  is  very  important 
to  the  tropical  meteorologist  because  through  such  reports  the 
analyst  can  often  determine  the  extent  or  intensity  of  a  weather 
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Reconnaissance  code  tables. 


Figure  9-3.  *e  connaissance  observational  concept.  (From  "Recco 
code" (AWSM  105-34),  Air  Weather  Service,  55  pp .  1953). 
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condition.  For  exar.ip  ,  the  fact  that  a  line  of  convergence 
a  c  c^tn;' ani  e  d  by  cumulus  congescus  lies  along  "he  track  and  regions 
to  the  right  and  left  are  relatively  cl'-ar,  can  only  be  conveyed 
properly  through  accurate  reporting  of  quadrant  weather. 

Cloud  roups  ,  C ,  hh,  Mil).  There  is  very  little  difficulty 
in  tenor  cToud  bases  and  tops  provided  the  observer  can 

properly  asurc  or  estimate  then.  However,  in  the  tropical 
Pacific,  cloud  formations  are  often  complex  and  many  layers  and 
tyn  s  may  co-exist  in  the  same  area. 

It  is  often  difficult  for  the  analyst  to  picture  cloud  forma- 
ions  from  the  encoded  message  in  the  same  way  that  they  are 
observed.  The  difficulty  usually  lies  in  the  procedures  for  encod¬ 
ing  outlined  in  AWSll  105-34,  P.BCCO  code  1  August  1  353  ,  which  were 
designed  to  fit  general  conditions  in  higher  latitudes.  It  is 
impossible  for  the  aerial  observer  to  encode  such  features  as 
shear  in  clouds,  orientation  of  cloud  lines  or  ‘'streets"  and 
whether  stratiform  clouds  arc  dependent  or  independent,  unless  he 
makes  liberal  use  of  the  remarks  column.  Quite  frequently  the 
aerial  observer  reports  chaotic  cky  conditions  when  several  layers 
and  types  of  clouds  are  observed.  This  technique  is  little  help 
to  the  weather  analyst. 

Significant  weather  changes  (Ws)  and  weather  off  course  (Wc)  . 

These  codes  could  be  modified  and  amplified  to  report  tropical 
conditions  more  accurately  and  completely. 

P.adar  groups  (0e,  Ce ,  ifi)  Unfortunately  these  reports  are 
difficult  to  interpret  and  difficult  to  encode  with  the  present 
code.  Radar  information  can  be  of  great  value  to  the  analyst  if 
he  can  picture  cloud  formations  through  radar  reports.  A  great 
deal  more  work  should  be  done  in  both  encoding  and  interpretation 
of  weather  data.  The  new  APS-23  radar  (3  cm)  equipment  is 
excellent  for  receiving  reflections  from  significant  cloud  lines 
and  formations  for  distances  up  to  200  mi  and  even  greater  during 
normal  tropical  weather.  However,  the  effectiveness  of  this  radar 
is  questioned  whenever  it  is  used  to  scan  heavy  rainfall  asso¬ 
ciated  with  intense  storms.  Heavy  rain-bands  nearest  the  radar 
may  attenuate  the  beam  energy  to  the  extent  that  inaccurate 
representations  may  be  given  of  other  rain-bands  a  greater  distance 
from  the  radar. 

Wind  data  (hhhdtd  ,ddfff).  Flight  level  winds  are  reported 
as  either  a  sport  or  average  wind.  The  symbol  dt  indicates  the 
distance  over  which  the  wind  is  computed  to  gat  an  average  reading, 
The  reliability  of  the  wind  observation  and  the  method  used  in 
obtaining  it  are  given  by  code  through  symbol  da. 

Spot  winds  are  obtained  by  the  Ail/APW-C 7.  Automatic  Navigator 
now  standard  equipment  on  WB-50's.  The  AH/APl'-Ck  while  primarily 
a  navigatioral  instrument  can  give  accurate  spot  winds  at  any 
altitude  when  the  sea  surface  is  rough  enough  to  reflect  the  radar 
beam  Not  only  does  it  provide  accurate  winds,  but  its  precise 
navigational  capabilities  allow  observers  to  pin-point  the  posi¬ 
tion  of  a  typhoon  regardless  of  poor  radio  reception  conditions 
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or  lack  of  visual  check  points , 

Average  winds  are  obtained  by  several  navigational  methods 
of  varying  degrees  of  reliability.  Multiple  drift  methods  have 
greater  reliability  than  other  methods,  such  as,  fixing,  single 
drift  or  LOPs  (three  lines  of  position). 

The  analyst  should  always  consider  the  dt  and  dQ  data  when 
analyzing  wind  reports.  In  fact,  the  data  should  be  plotted  on 
the  map  for  reference. 

Interpretation  of  the  ddfff  groups  is  straightforward  and 
will  not  be  discussed. 

Summary,  Since  it  is  unlikely  that  the  kf.CCO  code  will  be 
changed  to  meet  the  requirements  for  accurately  reooiting  tropical 
weather,  it  would  be  worthwhile  for  aerial  observers  to: 

1.  Use  the  remarks  section  of  RECCO  form  frequently. 

2.  Make  up  detailed  flight  cross-sections  enroute  and  put 
remarks  on  sections. 

3.  Make  a  complete  debriefing  for  the  duty  forecaster  on 
interpretation  of  reports  and  unusual  weather  along  route. 

4.  Disseminate  a  summary  of  important  weather  information 
on  a  specific  reconnaissance  mission  to  other  forecast  units  via 
teletype. 

5.  Typhoon  reconnaissance 


Plight  procedure  and  altitude  limitation.  If  conditions 
appear  coo  hazardous  for  an  aircraft  to  reconnoiter  a  storm, 
modifications  in  the  reconnaissance  request  are  submitted  to  the 
warning  center. 

Reconnaissance  missions  are  not  planned  for  altitudes  below 
the  700  mb  level.  However  exceptions  are  allowed  only  if  the 
following  restrictions  are  adhered  to:  in  no  case  will  recon¬ 
naissance  be  conducted  below  1500  ft  radar  altitude;  whenever 
excessive  turbulence  or  winds  of  50  kn  or  greater  are  encountered 
a  climb  to  the  700  mb  level  will  be  initiated;  in  no  case  will 
penetration  of  a  typhoon  be  attempted  at  an  altitude  below  the 
700  mb  level;  all  flights  near  land  areas  are  to  be  avoided  if 
data  can  be  secured  from  other  sources, 

En  route  weather  observations.  Complete  weather  observations 
are  taken  at  1 5 0  mT  interva Is  en  route  to,  and  returning  from 
tropical  cyclone  and  suspect  areas.  Observations  are  made  at  30- 
minute  intervals  when  the  aircraft  is  within  300  mi  of  the  actual 
or  forecast  position  o  *  the  cyclone  center,  or  the  center  of  the 
suspect  area.  Additional  observations  may  be  made  at  any  time  at 
the  discretion  of  the  aerial  weather  observer, 

En  route  weather  observations,  particularly  of  the  distances 
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middle  and  high  clouds  radiate  out  from  the  atom  center,  the 
number  of  lines  of  convergence  encountered  as  well  as  their  orien¬ 
tation  and  width,  and  the  Intensity  and  frequency  of  rain  and 
shower  activity  in  various  quadrants  can  all  give  clues  to  the 
size  and  intensity  of  a  typhoon. 

Penetration  of  eye.  Methods  of  locating  a  typhoon  or  hurri¬ 
cane  eye  vary.  When  ifhe  winds  of  a  storm  are  relatively  weak, 
low-level  penetration  is  sometimes  employed,  especially  in  the 
eastern  Pacific.  With  this  type  of  penetration  the  aircraft  flies 
at  an  altitude  between  500  and  1500  ft.  It  crabs  across  the  wind 
toward  the  center  of  surface  wind  rotation  while  continuous 
estimates  of  the  surface  wind  velocities  are  made  until  the  eye 
is  reached.  The  low-level  method  is  perhaps  the  simplest  one, 
but  can  be  very  dangerous  in  we  1 1 -de ve lope d  storms  with  severe 
turbulence  and  low  visibilities.  For  this  reason  its  use  is 
limited.  However,  the  automatic  navigator  AN/APN-82  makes  it 
possible  to  follow  the  same  " eye -s ee ki ng"  procedure  at  higher 
altitudes  where  there  is  less  danger  from  turbulence;  in  this 
case,  low  visibilities  are  no  longer  an  obstacle  because  the 
presence  of  clouds  does  not  decrease  the  wind-measuring  capability 
of  the  navigational  equipment. 

For  aircraft  which  are  not  equipped  with  the  automatic  navi¬ 
gator,  the  principal  method  of  finding  a  storm  center  is  by 
techniques  which  employ  the  radio  altimeter.  Usually  the  aircraft 
is  flown  at  700  or  500  mb  by  the  aid  of  the  pressure  altimeter; 
i.e.,  the  aircraft  is  maintained  at  a  pressure-altitude  of  9880  or 
18,280  ft  and  the  radio  altimeter  provides  the  geometric  heights 
of  the  pressure  surface,  Since  the  aircraft  does  not  remain 
precisely  on  '.he  selected  pressure  surface  at  all  times,  the 
difference  between  the  pressure. altimeter  reading  and  the  radio- 
altimeter  reading,  or  "  D"  value,  is  used  as  the  primary  parameter 
for  pressure  measurement  by  flight  personnel.  For  all  practical 
purposes  the  gradients  of  " D"  are  equal  to  the  height-gradients 
on  the  pressure  surface.  When  a  definite  rise  of  " D"  is  noted  the 
course  of  the  aircraft  is  altered  135°  to  the  left  (in  the  North, 
ern  Hemisphere)  until  another  rise  is  noted,  and  the  procedure  is 
repeated  until  the  aircraft  enters  the  eye.  This  type  of  penetra¬ 
tion  requires  more  time  than  the  type  in  which  the  aircraft  crabs 
across  the  wind,  but  it  can  be  used  in  darkness  and  without  radar. 
Nevertheless,  there  are  occasions  when  it  is  very  difficult  to 
locate  an  eye  because  of  gently  sloping  height  gradients.  Radar 
is  then  especially  useful  in  directing  the  aircraft  into  the  eye. 

Quite  frequently  in  the  Pacific,  "Loran"  is  used  to  locate 
storm  centers.  This  type  of  locating  device  depends  upon  fixed 
radar  beacons  situated  on  island  or  mainland  coasts.  Whenever  a 
navigator  or  rn  ar  operator  desires  his  location  he  dials  his 
receiver  to  t '  frequency  of  a  set  of  stations.  The  strong  pulses 
of  radio  enc  sent  out  by  the  master  station  trigger  the  trans¬ 
mitter  of  Se  slave  station  and  the  radar  operator  receives  two 
transraitt  i  pulses  at  different  times.  The  radar  operator  locates 
his  position  on  a  Loran  line  by  noting  the  difference  in  arrival 
times  ^ r  the  master  signal  and  slave  signal.  By  switching  his 
receiv**  it>  another  set  of  Loran  stations  at  a  different  frequency 
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and  repeating  the  procedure  he  fixes  his  location  by  the  inter¬ 
section  of  two  Loran  lines  or  by  referring  to  Loran  charts. 

Other  location  methods  such  as  dead-re c '.coning,  and  astro- 
navigation  can  be  utilized  when  Loran  facilities  are  unavailable. 

Weather  information  within  eye.  Once  in  the  eye  a  dropsonde 
observation  is  made  and  the  following  information  is  transmitted 
in  plain  language:  coordinates,  time,  navigational  method  and 
estimated  reliability  in  miles  of  center  fix,  diameter  and  des¬ 
cription  of  eye,  location  and  velocity  of  maximum  flight  level 
wind,  location  and  velocity  of  estimated  surface  wind,  minimum 
height  of  pressure  surface  flown  and  flight  level  temperature  and 
dew  point.  If  available,  preliminary  minimum  sea  level  pressure 
is  included  in  the  eye  data  report;  information  regarding  the 
diameter  and  shape  of  the  eye  and  changes  in  eye  shape  between 
two  fixes  can  give  a  measure  of  the  intensity  of  the  storm. 

Maximum  surface  winds.  The  condition  of  the  ocean  surface 
serves  as  an  Indicator  of  surface  wind  speeds.  The  following 
categories  are  utilized  when  the  flight  altitude  is  at  the  700  mb 
level  : 


Wind  Speed  (kn) 


Calm . 

12  . 

40  to  50  . 
65  . 


100 


Ap  p  e  a  r  a  nee  of  Water 


Glassy  smooth. 

First  detect  white  cap3. 

First  detect  green  patches. 

Numerous  green  patches  and  large 
white  caps. 

Large  areas  of  green;  large  white 
sheets  . 


130  ....  .  50  to  75  percent  of  surface  white 

and  green. 

150  ...  .  Entire  surface  white  and  green  but 

white  sheet  still  distinguishable. 


Greater  than  150 


Solid  white-green  churning  appear¬ 
ance;  f  oam- 1 i ke . 


A  more  elaborate  breakdown  of  the  categories  below  100  kn  is 
given  in  AWSM  105-34  RECC0  CODE  1  August  1953. 


The  subjectivity  inherent  in  surface  wind  estimations  may 
possibly  be  the  reason  for  such  wide  fluctuations  in  reported 
maximum  winds  in  typhoons  or  hurricanes.  Especially  it  appears 
very  possible  that  considerable  errors  could  occur  when  the 
surface  wind  is  above  100  Un. 

Circumnavigating  a  typhoon.  To  determine  the  distributions 
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of  Wind  and  weather  about  ®  f ^nia^ciJcuronlvigate  the  disturb- 

tvphoon,  reconnaissance  air craf  y  0f  the  strongest 

ance.  This  is  u.uaUy  dJ  ^  near  the  out  of  50  kn  winds  and 

winds  and  is  a  means  of  determining 
region  of  maximum  winds. 

.  QV ides  information  regarding  " falBe" 

Circumnavigation  also  p  k  for  the  true  eye. 

or  " open"  eyes  which  could  be  mistaken 

Often  the  quadrant  of  maximum  rain  can  be  indication 

Report .  on  the  orientation  and  nu.her  of 

delineating' streamlines' and' forecasting  the  -ament  of  the  line, 
toward  the  station. 

11  <  n  a  circuit  about  the 

Pressure  and  wind  data  co  ec itnate  of  the  location  of  the 
storm  center  canbe  use  oi  a  estimate  depends  upon  the 

“riUcn^  :  SisJwisr.:,ss.5K- 

“hr.:  —  -  — 

inner  port  ions  . 

. „ _  .{rer.ft  to  remain  outside  the 
The  use  of  radar  permits  »^craft  vidg  positl0n  fixes 

strong-wind  regions  of  a  #d°J®  ht  can  be  of  the  cir cumnaviga- 
of  the  eye.  Radar-equipped  fUg**®  c&  fUe8  back  and  forth  near 
tional  type,  but  more  often  the  errors  to  a  minimum, 

a  known  land  area  to  keep  JJ*  |  u  especially  in  the  case  of 
Locating  the  eye  is  a  ^ther  considerable  ahort- 

" false" or  "open  eyes.  Ther  £  hurricanes  determined  by 

period  variability  in  the .p08lJ}®"!  derived  from  successive  fixes 
Pthis  method.  Therefore  the ™  f^s^alae  only  when  the 
determined  in  this  manner  J^Jethods  are  developed  for 

fixes  are  very  frequent.  *|  *«*£“  8Uch  fixes  will  no  doubt 
interpreting  radar-scope  information,  sue 

aimed  at  providing  reliab le  da  p08sibly  provide  the  large- 

“:iy‘c“;raA8:  ll.ult the’ ^typhoon  'forecaster,  select  the  area, 
where  aircraft  data  are  most  needed. 


Normal  reconnaissance  requirements- 


nne  investigative  flight  per  day,  planned 

80  th*.;  i»««;  s.*..  °£  ^iuht- 

b.  Tropical  depressions:  0n*  “’'^“^ipjelatt^o’develop 

0200  GOT  on  tropical  ^r  If  fix  tine.  If  the 

into  tropical  storms  within  24  hours 
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depression  is  forecast  to  develop  into  a  tyoplcal  storm  within  24 
hours  of  fix  time,  the  requirements  fot  tropical  storms  will 
apply  (see  c) . 

c.  Tropical  storms:  Two  fixes  per  day,  normally  at  2000 
GCT  (first  priority)  and  0800  GCT  (second  priority)  on  tropical 
storms  not  forecast  to  develop  within  12  hours  of  fix  time,  in 
which  case  the  requirements  for  typhoons  will  apply. 

d.  Typhoons  and  hurricanes:  Four  fixes  per  day,  normally 
at  2000  GCT  (first  priority),  0800  GCT  (second  priority),  0200 
GCT  (third  priority)  and  1400  GCT  (fourth  priority). 

6.  Future  reconnaissance  plans 


High  level  (50-60,000  ft  or  more)  reconnaissance  of  weather 
systems  is  just  in  a  budding  stage.  Recent  examples  of  this  type 
of  observing  technique  were  described  in  two  articles  in 
WEATHERWISE,  June  1958  and  April  1959  .  A  high  altitude  U-2  jet 
aircraft  fitted  with  a  Perkin-Elmer  Model-501  tracking  camera  was 
flown  by  the  Air  Weather  Service  over  three  typhoons  in  order  to 
photograph  the  cloud  patterns  of  the  centers  in  addition  to 
getting  high-altitude  meteorological  data.  One  of  the  main 
purposes  of  this  research  is  to  gather  photographic  data  on 
storms  which  will  aid  in  solving  some  of  the  future  weather 
satellite  photographic  problems. 
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RELATIONSHIP  OF  GENERAL  CIRCULATION  TO  NORMAL  WEATHER 
OVER  SOUTHERN  ASIA  AND  THE  WESTERN  PACIFIC 
DURING  THE  COOL  SEASON 

lly  ('.  S.  Kamage 

Royal  Observatory,  Hong  Kong 

(Original  manuscript  received  27  June  1952;  revised  manuscript  received  17  August  1952) 

ABSTRACT 

As  a  tirst  step  in  a  study  of  cool-season  (November  through  April)  weather  over  southern  Asia  and  the 
western  Pacific,  an  analysis  of  the  relationship  of  the  general  circulation  to  normal  weather  has  been 
attempted. 

In  October,  a  jet  stream  suddenly  appears  along  the  southern  edge  of  the  Himalayas.  Thereafter  it 
varies  little  in  [tosition  until  April,  when  it  begins  to  waver  prior  to  disappearance  in  early  summer.  This 
sequence,  and  also  the  fact  that  no  comparable  jet  is  found  north  of  the  Himalayan-Tibetan  massif,  are 
explained  in  terms  of  mechanical  lifting  and  the  effect  of  snow  cover  on  insolation.  Nearly  all  extra-tropical 
depressions  form  in  and  move  along  the  jet  stream,  while  even  rapidly  moving  cold-fronts  are  temporarily, 
though  strongly,  intensified  as  they  pass  beneath  it.  The  increasing  velocity  of  the  jet  stream  after  it  leaves 
the  mountains  seems  due  to  confluence,  over  northeast  India,  between  the  westerlies  and  upper  south- 
westerlies  of  the  Bay  of  Bengal. 

Vigorous  convergence  in  the  southwesterlies  over  Burma,  and  between  the  southwesterly  and  the 
westerlies  of  the  jet  stream  over  northeast  India,  probably  results  in  the  intense  subsidence  and  aridity 
observed  downstream.  The  subtropical  ridge  is  displaced  northward  and  becomes  nearly  vertical,  and 
south  of  it  deep  baroclinic  easterlies  prevail. 

Hast  of  the  Philippines  this  distribution,  and  over  the  southwest  Bay  of  Bengal  a  combination  of  low- 
level  trough  and  high-level  divergence,  are  thought  to  favor  the  formation  of  tropical  storms. 


1.  Introduction 

The  purpose  of  this  study  is  to  explore  the  major 
factors  controlling  normal  weather-sequences  and  -dis¬ 
tributions  over  the  subtropical  and  tropical  regions  of 
Asia  and  the  western  Pacific  during  the  cool  season 
(November  through  April).  In  a  later  paper,  an  expla¬ 
nation  of  exceptional  distributions  will  be  attempted. 

Since  the  war,  the  now  well-known  concept  of  the 
jet  stream  has  formed  the  basis  of  a  number  of  papers 
on  the  winter  weather  of  North  America.  Recently 
Chaudhury  (1950)  and  Yeh  (1950),  using  cross  sec¬ 
tions,  have  investigated  the  character  of  the  jet  stream 
over  southern  Asia  and  the  western  Pacific  during 
winter,  while  Yin  (1949)  has  correlated  its  movements 
in  early  summer  with  onset  of  the  monsoon  over  India. 
Bolin  (1950)  and  Thompson  (1951)  have  also  touched 
on  the  same  subject  in  more  general  studies.  All  em¬ 
phasize  the  importance  of  the  relationship  between  the 
jet  stream  and  weather  in  this  region. 

In  general,  these  writers  agree  with  Yeh's  contention 
that  two  belts  of  maximum  westerlies  exist,  one  flowing 
around  the  southern  and  the  other  around  the  northern 
edge  of  the  Tibetan  plateau.  The  position  of  the  south¬ 
ern  and  stronger  jet-stream  (November  through  Janu¬ 
ary)  remains  almost  stationary.  Its  onset  is  abrupt, 
first  becoming  evident  over  northwest  India  in  late 
September  or  early  October,  and  then  advancing 


down-stream  at  about  3  deg  long  per  day.  The  fact 
that  its  speed  increases  downstream,  beyond  the  China 
coast,  is  attributed  by  Bolin  to  the  effect  of  a  reunifi¬ 
cation  with  the  northern  jet-stream.  This,  according 
to  the  "confluence  theory”  (Naniias  and  Clapp,  1949), 
results  in  acceleration  of  the  flow.  Yeh,  however,  con¬ 
siders  the  two  jet-streams  to  remain  separate.  He 
and  Chaudhury  demonstrate  coincidence  between  the 
southern  jet  and  the  mean  winter  precipitation-maxi- 
mum  over  India  and  China,  deducing  from  this  that 
the  inter-annual  variation  in  position  of  the  jet  is 
slight.  Yin  associates  the  surge  of  the  summer  monsoon 
across  India  and  Burma  with  the  sudden  movement  of 
the  southern  jet  north  of  the  Tibetan  plateau. 

These  papers  comprise  a  valuable  introduction  to  a 
study  of  the  general  circulation  of  the  region.  How¬ 
ever,  some  questions  are  left  unanswered,  and  diver¬ 
gence  of  views  exists  on  others. 

In  the  remaining  sections  of  this  paper,  an  attempt 
is  made  to  explain  the  peculiar  nature  of  the  general 
circulation  of  the  region  and  its  influence  on  weather. 

2.  The  southern  jet-stream 

Bolin  (1950),  in  a  theoretical  discussion  of  the  effect 
of  mountain  ranges  on  large-scale  flow,  derives  equa¬ 
tions  based  on  a  homogeneous  barotropic  atmosphere, 
unaffected  by  surface  thermal  changes.  From  these 
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Fig.  1.  Position  frequency  of  jet  streams  at  500  mli  (l'O'J  ami 
1950)  and  topographical  section  along  80T. 

equations,  lie  deduces  that  over  Asia  the  licit  of  maxi¬ 
mum  westerlies  is  spl i t  l>v  the  Himalayan-  I'ihctan 
massif  (H.T.),  one  hranrh  flowing  around  the  sotithern 
and  one  around  the  northern  side.  An  examination  ol 
500-mb  charts  (U.  S.  Weather  Bureau,  1949)  along 
80°K  confirms  the  exist< '  ce  of  a  most  persistent  jet 
usually  less  than  200  m.  ntth  of  the  ranges,  but  at  a 
similar  distance  north  of  H.T.  no  corresponding  maxi¬ 
mum  occurs  (fig.  1).  According  to  Queticy  (1048),  the 
effect  of  horizontal  thermal  gradients  on  air  flow  be¬ 
comes  significant  for  mountains  of  the  dimensions  of 
the  Himalayas,  although  mathematical  difficulties  have 
prevented  an  adequate  analysis.  Thus  it  is  not  sur¬ 
prising  that  Bolin’s  assumption  of  barotropy,  though 
leading  to  reasonable  models  for  smaller  systems,  fails 
when  applied  to  the  greatest  mountain-range  in  the 
world. 

An  alternative  physical  theory,  in  harmony  with 
the  observations,  can  be  based  on  the  results  of  com¬ 
parison  between  conditions  at  mountain  stations  and 
those  in  the  free  atmosphere.  Many  investigators  (e  g., 
Schell,  1934;  Bhatia,  1942;  Hide,  1944)  have  found 


Tahi  k  1  Free-air  temperature  over  Peshawar  (34°00'N,  71°37'F) 
minus  mountain  temperature  at  Cherat  (33°50'N, 
72°01'F).  (Monthly  means,  deg  C.) 
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that  air  temperatures  measured  at  mountain  stations 
are  lower  than  t<  mperatures  in  the  free  atmosphere  at 
the  same  height.  The  reason  given  is  that  air  lifted 
oxer  mountains  is  cooled  adiabatically  at  a  rate  greater 
than  the  free-air  lapse  rate  It  has  been  found  that  the 
stronger  the  wind  or  the  higher  the  mountain,  the 
greater  is  the  temperature  difference,  and  also  that 
insolation, d  heating  from  a  snow  surface  in  winter  is 
verv  much  less  than  from  an  earth  or  rock  surface  in 
Mimnici.  The  results  obtained  by  Bhatia  for  Cherat 
( 1 .3  km)  are  charm  (eristic  (table  1 1. 

Establishment  of  the  jet. — In  autumn,  the  zonal 
westerlies  begin  to  intensify  and  spread  equatorward. 
rims,  along  the  northwest  face  of  H.T.,  lying  athwart 
the  flow,  strong  lifting  develops.  In  view  of  the  experi¬ 
ence  of  glider  pilots,  it  is  probable  that  lifting  con¬ 
tinues  to  well  above  the  mountain  tops  and  may  result 
in  intensification  anil  concentration  to  great  heights  of 
the  temperature  gradient  between  air  over  the  moun¬ 
tain  and  that  oxer  the  plains  to  the  south.  The  fact 
that  isotherms  up  to  14  km  oxer  northern  India  nearly 
parallel  the  Himalayas  supports  this  (Venkitcshxvaran, 
1930).  Thus  the  normal  temperature-gradient,  locally 
intensified  by  adiabatic  cooling  from  lifted  air  over  the 
mountains,  max  lead  to  establishment  of  a  jet  stream, 
although  the  precise  dynamic  mechanism  invoked  is 
not  clear  An  added  factor  in  maintaining  the  jet  is 
the  reduction  in  insolation.il  heating  due  to  the  in¬ 
creasing  area  of  snow  on  the  high  country.  The  jet, 
once  established  in  the  northwest,  rapidly  produces 
conditions  along  the  mountain  barrier  to  the  south¬ 
east  which  are  favorable  for  its  extension  in  that 


Fig.  2.  Mean  conditions  over  India  for  February,  Left:  resultant  wind-flow  at  12  km  (after  Yenkiteshwaran,  1950);  i»oveU  in  knot*. 
Center:  divergence  at  12  km  in  units  of  fractional  outflow  per  12  hr;  Bellamy's  (1949)  method.  Right:  rainfall  in  inches. 
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direction,  ami  it  is  soon  firmly  anchored  to  (he  southern 
face  of  HI 

During  October  and  November,  a  change  is  also 
taking  place  over  the  Indian  peninsula.  I  his  rapidly 
cools  to  become  colder  than  the  Hay  of  Bengal,  and 
isotherms  up  to  at  h  ast  12  km  reorient  parallel  to  the 
east  coast  w  ith  maximum  crowding  at  the  head  of  the 
Bay.  Such  distribution  may  account  lor  the  persistent 
upper-level  southwesterlies,  increasing  with  height, 
accelerating  downstream,  and  reaching  a  maximum  in 
mid-winter.  These  meet  the  jet  stream  over  northeast 
India  (fig.  2,  left),  and  the  resulting  vigorous  high- 
level  "confluence,"  should  the  theory  be  correct,  could 
account  for  the  marked  increase  in  velocitv  of  the  jet 
stream  further  east.  N’amias  and  Clapp  (104'))  say: 
‘‘The  semipermanent  solenoid  field  between  the  cold 
Asiatic  continent  and  the  liav  of  Bengal  and  the 
Indian  Ocean  probably  revitalizes  t he  jet  stream.” 
It  seems  likely  that  this  confluence,  always  occurring 
in  the  same  restricted  area,  is  a  major  factor  in  the 
immovability  of  the  jet-stream  axis  as  far  east  as 
150°K. 

Whereas  along  the  southern  edge  of  ll.T.  the  me¬ 
chanical  effect  of  the  mountains  locally  intensities  the 
normal  north-south  temperature  gradient,  along  the 
northern  edge  (with  air  over  the  mountains  probably 
colder  than  that  over  the  plains)  the  gradient  may  be 
destroyed  or  even  reversed,  and  a  minimum  rather 
than  a  maximum  of  zonal  How  may  result  (fig.  1). 

Direct  ejfeit  of  the  jet  on  weather. — As  Inis  already 
been  mentioned,  the  jet  axis  coincides  with  the  axis  of 
maximum  rainfall;  for  not  only  do  nearly  all  the  extra- 
tropical  depressions  of  the  region  form  along  the  jet, 
but  they  also  travel  for  most  of  their  life  along  it. 
[See  lig.  6  and  also  fig.  5  of  Miller  and  Mantis  (1947),] 
Miller  and  Mantis  say:  "There  can  be  little  doubt 
that  the  topography  of  the  coastal  region  of  Asia  is 
intimately  related  to  cyclogenesis.”  In  fact,  cyclo¬ 
genesis  is  more  directly  related  to  the  position  of  the 
jet  stream,  although  development  is  favored  in  that 


Fig.  3.  Mean  rainfall  (mm)  of  five  undistorted  cold-fronts. 
Earliest  30  October,  latest  21  April.  Dashed  line:  maximum  axis 
of  mean  cool-season  rainfall. 


section  of  the  jet  overlying  a  surface  with  considerable 
moisture  and  temperature  gradients. 

Over  North  America,  the  jet  accompanies  the  polar 
front  in  its  movements  north  and  south;  over  southern 
Asia  and  the  western  Pacific,  except  at  times  in  April, 
it  does  not.  Moving  frontal  systems  intensify  only 
temporarily  as  they  pass  through  the  region  of  the  jet. 
This  is  well  demonstrated  in  fig.  3,  which  show's  the 
mean  rainfalls  recorded  during  the  passage  of  5  fast- 
moving  undistorted  cold-fronts.  The  selection  was 
determined  solely  by  availability  of  rainfall  data  and 
the  requirement  that  preceding  and  succeeding  weather 
should  be  fine. 

Dissolution  of  the  jet. — In  March,  the  Indian  penin¬ 
sula  begins  to  heat  and  the  isotherms  trend  west-east. 
Although  the  jet  stream  maintains  its  strength  along 
the  Himalayas,  vigorous  confluence  no  longer  occurs 
over  northeast  India;  and  as  the  jet  weakens  over 
China  and  the  western  Pacific,  rainfall  zones  become 
less  marked. 

During  April,  the  zonal  westerlies  tend  to  move 
northward  but  this  is  resisted  by  the  mountain  effect. 
The  jet  suddenly  disappears  and  reappears  south  of 
the  ranges,  the  disappearances  becoming  increasingly 
frequent  and  prolonged  as  the  season  advances  (fig.  1). 
Kach  successive  disappearance  coincides  with  a  surge 
northward  of  the  summer  monsoon  (Yin,  1949). 
finally  the  jet  ceases  to  exist,  and  summer  conditions 
prevail  throughout  the  region. 

The  sudden  and  permanent  establishment  of  the  jet 
by  November,  in  contrast  to  its  comings  and  goings 
in  April,  make  the  weather  of  autumn  much  more 
stable  and  predictable  than  spring  weather.  In  Hong 
Kong,  in  November,  only  stratiform  clouds  tire  ob¬ 
served,  ;ind  precipitation  accompanying  cold  fronts  is 
insignificant.  In  April,  however,  stratus  alternates  with 
cumulonimbus,  and  cold  fronts  may  produce  anything 
from  light  drizzle  to  severe  thunderstorms. 

In  India,  for  a  great  many  years,  there  has  been 
intense  research  on  seasonal  forecasting.  Some  of  the 
factors  found  significant  fit  well  in  the  above  theory. 
Banerji  (1950)  states:  "The  westerly  current  over 
Northern  India  .  .  .  makes  its  appearance  at  the 
higher  levels  even  as  early  as  the  close  of  September 
and  the  beginning  of  October.  .  .  .  The  strength  of 
these  westerly  winds  over  Agra  in  the  later  half  of 
September  and  the  first  fortnight  of  October  (gives)  a 
good  indication  of  the  coming  intensity  of  the  winter 
rains.  .  .  .  This  factor  has  a  correlation  coefficient  of 
0.48  with  January  to  March  precipitation  in  northwest 
India."  Again,  “The  first  among  the  factors  useful  for 
the  prediction  of  Indian  rainfall  was  discovered  about 
sixty  years  ago  when  it  was  observed  that  some  great 
droughts  in  India  appeared  to  be  preceded  by  excessive 
winter  or  spring  snowfalls  on  the  mountains  to  the 
North  and  Northwest  of  India.  This  is  to  say,  excessive 
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snowfall  on  t  lit*  Himalayas  has  on  the  subsequent  i  .in  • 
fall  an  adverse  effect  which  las|s  lor  a,  l.me  .is  lour 
months." 

3.  Subsidence  south  of  the  jet-stream 

Widespread  subsidence  nouis  liimei  <v.iy  whirr 
south  of  the  jet  stream  1  lie  explanation  riven  log  tbi, 
condition  In  North  Ameiiea  (I’nivri'itv  "I  t  In  are, 
1047)  is  that  part  of  tile  air  in  tin  in  imihiiiii  vv.  ~t  w  nnl 
belt  is  filing  sonthwaol,  subtitle*,  and  tin  n  ni.ni  • 
northward  towaids  the  polar  front  at  low  levels. 

Over  our  region,  subsidence  is  both  more  intense 
and  more  confined  than  over  Not  ill  Aniern  a  Noimal 
subsidence  south  of  the  jet  stream  oiiiiis  uv.r  mntli 
west  India,  but  over  not  theast  India  and  Burma  juxt.i 
position  of  jet  stream  and  convergent  uppei  mmiiIi 
westerlies  seems  to  irsiilt  In  nun  Ii  moo-  xig.iinii* 
subsidence  downstream  (fin  2).  I  lie  exies,  o|  .or  at 
hif;h  levels,  which  can  escape  neither  north  not  south, 
must  subside  downstream  in  a  /one  with  rather  livid 
latitudinal  limitat ions. 

That  the  southwestern,  s  contiilnite  potently  t<  sub¬ 
sidence  is  substantiated  by  the  Hong  Kotin  soundings 
There,  on  W  per  cent  of  mid-winter  davs,  sig-niig  sub¬ 
sidence  inversions  usuallv  extending  Irom  K(K)  7(H)  mb 
lip  to  3(H)  till)  are  observe! I  (tig.  4)  Since  little  more 
than  10  per  cent  of  the  winds  at  either  200  or  300  mb 
are  from  directions  north  of  west,  the  southwestcriics 
rather  than  the  jet  stream  are  a  much  more  pmhahlc 
source.  This  is  supported  bv  the  follow  inn- 

First,  subsidence  is  must  |M-rsistcnt  in  nmt  winter,  when  the 
Hay  of  Bengal  southwestirlies  are  strongest.  In  N’uvrm'.tr  and 
April,  though  winds  Irom  north  of  w  ,t  are  more  f  r« .  jo  ,  ~ol  - 
sidenee  incurs  less  often  (hr  4i 

Second,  distances  between  iseiitn.|m  l.uri,  me  then;  Koiig 
are  less  than  near  the  jet  stream  I  K.igii'hini.i  Sm  e,  bn  i.nte- 
spun.ling  |Xiints  in  the  t  Hitril  Slates  the  revel i -  Ion  ,  I'nlmen 
and  Newton  (10481  were  foiced  to  postulate  a  s,,|em  iit.il  onu 
tat  ion  extending  smith  from  the  |el  stream  that  'inti  an  rvpl.i 
nation  is  not  needed  for  fleer  Koiig  niav  indnate  that  the 
meridional  circulation  associated  w  ith  the  get  stream  ,s  ran  tv 
effective  there. 

The  region  of  strong  subsidence  is  usuallv  confined 
between  I7°.\  and  24  N  ,  and  ‘HI  F.  and  130  I  .  I  em- 
peratures  in  the  southern  part,  between  the  upper 
surface  of  the  nort!  Mst  monsoon  and  300  mb,  are 
markedly  warmer  th  in  those  further  south  I  Inis  the 


Fig  4.  Wind  roses  at  200  mb  and  [x-nentage  frequrnrv  >  f 
subsidence  inversions  at  Hong  Kong  (3  years) 
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I  l«.  5  Surf. h  ••  and  np|H*r  wind  *  tl  »•*<.•  rv  .i  linns  m.ulr  liv  H  M  \ 
Sm>m  v  mii  {u  '.inr  Ulxwtn  IIoiik  Kmiijj  .ind  SinvMpnrp  Irmu 
f»7 iHU  tC  i  I* * *1  >r i i.t i \  In  I 200  (ic  I  12  IVhru.tr>  VK2  (WiiuN 

in  knnl's ;  h.jrh  i*.  10  kn,  »1i«l  tri.inwdr  SO  kn  ) 

''iibtrr.pii  .il  ridge  is  well  defined,  lies  north  of  its  normal 
latitude  and,  as  Yel  '105(1)  has  pointed  out  for  the 
(  aiilon-Munil.i  it  us,  xeetion,  has  a  nearly  vertical 
axis,  l  ig  5,  which  i,  typical  of  the  region  south  of 
Hong  Kong,  shows  such  a  distribution;  examination 
indicates  that  .dong  1 40° 1 1  a  similar  distribution  pre¬ 
vails.  ()n  the  other  hand,  mean  cross-sections  along 
7b  b  it  h.uidlmrv ,  l'l.xtb  and  7X°F  ( \'enkiteshw, trail, 
1  '>50i.  and  sample  cross-sections  along  about  17ll"K, 
all  show  the  sithtropieal  ridge  in  normal  latitudes  with 
normal  slope. 

Over  the  (  hin. i  Set.  old  fronts  on  the  advancing 
edge  o!  northeast  monsoon  surges  can  sometimes  he 
detected  a,  |ar  south  as  10  N.  l  liey  give  little  pre¬ 
cipitation  in  the  region  of  subsidence  (fig.  3),  but  max' 
intensify  as  they  pass  south  of  t he*  subtropical  ridge 
I  his  is  well  illustrated  by  serial  rawin  soundings  made 
by  H.M.A.S.  Nvom-.v  on  passage  bctwo<  n  Hong  Kong 
and  Singapote  during  February  1 05 2  (fig  5)  At  the 
time  the  ship  was  leaving  port,  a  weak  dry  cold  front 
was  crossing  Hong  Kong.  I  he  front  slowed  thereafter, 
and  at  0000  ( >(  I  on  the  10th  the  ship  passed  through 
it  just  south  of  the  subtropical  ridge,  recording  appre¬ 
ciable  precipitation  and  medium  as  vv»  II  as  low  clouds, 

4.  Tropical  storms 

I  lie  only  part  of  the  tropics  in  which  winter  storms 
are  known  to  form  lies  in  the  Northern  Hemisphere 
between  7('°F  and  160°K.  In  this  region,  three  distinct 
sub-areas  can  he  distinguished  (fig.  6);  two  where 
storms  form  'east  of  the  Philippines  and  southwest 
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l-'li,.  ().  (iri^r.iphiiMl  frequence  < >f  formation  of  ilrprrssious  Value  of  isnplrth  at  any  point  represents  miitllirr  of  ryclonrs  that 
formed  within  ratlin-,  of  2  5  deg  lat  from  that  point  in  months  November  through  April,  10,(2  (7.  [Incorporating  fig.  .1  of  Miller  anti 
Main  is  ( 1047).  ] 


B.ix  ol  MriiK.il).  separated  iiy  onr  where  little  or  no 
<lrvelo|>meiit  orrnrs. 

Chinn  Sea  and  western  Pai  ific.  Veil  ( 1050)  suggests 
that  the  northward  displacement  <»t  the  snhtropiral 
ritlge  relative  to  other  regions  may  account  for  the 
formation  of  \x  inter  tropical  storms.  Certainly,  intrust 
subsidence  results  in  a  secondary  "thermal  equator” 
associated  with  the  ridge  and  favoring  formation  of 
liaroclinic  easterlies  to  the  south.  These  often  have 
horizontal  cyclonic  shear  and  are  ol  sufficient  latitu¬ 
dinal  extent  to  allow  storms  to  develop  within  them. 
Such  a  distribution  between  14°  and  9°N  is  recorded 
in  fig.  5.  Over  the  China  Sea,  however,  successive 
surges  of  the  winter  monsoon  maintain  persistent,  cool 
drv  anticycloiiie  northeasterlies  below  1.5  kill.  I  hits, 
although  high-level  conditions  are  favorable,  forma¬ 
tion  of  tropical  storms  with  thuir  intense  low-level 
circulations  is  impossible. 

Bax  of  Bengal.  As  mentioned  before,  the  slope  and 
location  of  the  subtropical  ridge  in  this  area  are  similar 
to  other  parts  of  the  tropics,  ml  yet  the  southwestern 
Max'  shows  a  higher  frequency  of  tropical-storm  forma¬ 
tion  than  anywhere  else  in  the  world.  Probably  due 
to  the  configuration  of  the  surrounding  land-masses, 
a  weak  semi-permanent  trough  usually  exists  below 
.1  km  oxer  the  May,  while  at  around  8  km  oxer  the 


Fir;.  7  Average  monthly  frequency  of  tropical-storm 
developments. 


southern  May  the  effect  of  southwest-northeast  iso¬ 
therm  orientation  is  to  produce  divergence  in  the 
easterlies  underlying  the  subtropical  ridge,  big.  7  of 
the  paper  by  (  haudhury  1 1  *>50)  shows  a  layer  of  baro- 
clinity  centered  near  400  mb  at  15°.\,  78°K.  Mis 
analysis  does  not  extend  south  of  this,  but  it  is  possible 
that  this  layer  becomes  increasingly  liaroclinic  towards 
the  southeast.  Rainfall  distribution  dig.  2,  right)  tends 
to  confirm  this.  Such  a  combination  of  low-level  con- 
xergcnce  and  high-level  divergence  would  make  this 
small  area  a  most  favorable  one  for  storm  formation. 

In  fig.  7  are  drawn  curves  of  average  monthly  fre¬ 
quency  of  (topical -storm  development  over  the  west¬ 
ern  Pacific  (from  Starbuck,  1951)  and  the  May  of 
Bengal  (from  Newnham,  1922).  Though  for  differing 
periods,  the  curves  are  remarkably  similar,  points  of 
note  being  the  minimum  in  bebruary  (when  surface 
air  of  polar-continental  origin  extends  farthest  south) 
and  the  much  higher  frequency  of  storms  in  .November 
and  December  than  in  April.  Although  sea  tempera¬ 
tures  in  the  latter  month  are  higher,  in  early  winter 
the  Max  of  Bengal  south  westerlies  are  vigorous  and 
persistent;  but  by  April  they  are  almost  non-existent, 
conditions  then  more  closely  resembling  those  in  other 
tropical  regions. 

5.  Conclusions 

1.  Over  southern  Asia  and  the  western  Pacific,  the  general- 
circulation  patterns  aloft  during  the  cool  season,  and  their  asso¬ 
ciated  weather  distributions,  are  remarkably  stable  Mean  con¬ 
ditions  are  verv  similar  to  actual  conditions  on  a  high  proportion 
of  days. 

2.  A  possible  reason  for  this  stability  is  found  in  the  topog¬ 
raphy  of  the  region,  the  great  Ifinialavan- Tibetan  massif  and  the 
Indian  peninsula  at  first  profoundly  modifying,  and  then  fixing 
the  general  pattern. 

V  The  sudden  onset  of  winter  weather  with  the  appearance 
of  the  jet  stream  south  of  the  Himalayas,  as  well  as  the  more 
g-r.dual  disappearance  of  the  jet  in  spring,  ate  explained  as  effects 


1-146 


408 


JOURNAL  OF  METEOROLOGY 


Volume  9 


of  mechanical  lifting  at  the  mountain  face  and  snow  on  the 
plateau. 

4.  The  combination  of  the  jet  stream  and  p ,  .  .usteut  up|x*r 
southwesterlies  over  the  Hay  of  Bengal  may  cause  downstieam 
subsidence  so  vigorous  that  the  subtropiial  ridge  is  displaced 
northward,  and  may  account  for  the  south-north  tem|>eruture 
gradient  observed  to  the  south  of  it 

5.  The  resultant  deep  bans  linic  easterlies  over  tin-  western 
Pacific,  and  high-level  divergence  associated  with  lowlex.l  ton- 
vergence  over  I  he  southwest  Hay  i  f  Bengal,  tend  to  fa \  a  de\  el. >p 
ment  of  tropual  storms.  At  low  levels  over  tin-  ( Tuna  Sea 
however,  the  (x-rsistent  northeast  monsoon  nullities  this  i-llnt 

6.  From  the  e:  her  discussion,  it  is  (Missilde  to  \isuali/i  the 
modification  imposed  in  this  region  on  the  normal  three  nil 
meridional  (in  ilntinn  pattern  The  central  cell  is  >f  limited 
extent;  over  India  and  China  it  covers  little  more  than  5  deg  lat, 
and  along  90°Fi  much  less  It  operates  intermittently,  w.th  'he 
[lassagr  of  depressions  along  the  jet-stream  axis,  and  has  little 
direct  effect  south  of  23°N  The  eiptatorial  cell  ts  more  xignoms 
than  elsewhere  and  varies  little  in  intensity  or  position  lines 
dimensionally,  it  resembles  one  turn  of  an  mormon-  spu.il 

I  p|H'r-level  poleward  flow  takes  place  aiross  the  |tn\  .4  Bengal 
and  Burinu-.Siam,  and  sinking  occurs  in  the  /one  mound  |9°\ 
from  Burma  eastward.  Lower-level  cptatorward  flow,  predomi¬ 
nantly  across  the  China  Sea,  extends  east  of  the  Philippines,  as 
well.  The  frecpient  occurrence  of  southerly  winds  U-twcen  I  and 
.1  km  over  Hong  Kong  indicates  that  some  ol  the  subsiding  air 
north  of  20° N  flows  into  the  icntral  cell 

At  knou'led^mrnt .  The  writer  wishes  to  red  nil  his 
appreciation  of  the  \. tin. tide  observations  made  liv 
l.t.  (dr.  K.  I  emiessx  and  the  radar  stall  of  II. M  A  S 

Sydney. 

REFERENCES 

Hanerji.  S  K  1950;  Methods  of  foreshadowing  monsoon  and 
wintei  rainfall  in  India  lnduin  J.  Meteor.  tlenphys  .  I, 

4  14 

Bellamy,  J.  C  ,  1949:  Objective  calculations  of  divergence,  ver¬ 
tical  velocity  and  vorticity.  hull.  .Inter,  nielet >*.  .Vac  .  30, 
45-49. 

Bhatia,  K.  I...  1942  A  comparison  of  Cherat  surface  observations 
of  temfH'rature  and  humidity  at  (180(1  hrs  I.  T  with  aero¬ 
plane  observations  over  the  Peshawar  plant  at  the  same 
level.  Indui  meteor.  Prpt.,  .Set  S’otri,  10.  II  17 


Bolin,  B  ,  1950  On  the  influence  of  the  Earth's  orography  on  the 
general  character  of  the  westerlies.  Tellus ,  2,  184  195. 

Chatidhury,  A.  M.,  1950  On  the  vertical  distribution  of  wind 
and  temperature  over  Indo-Pakistan  along  meridian  7o“E 
in  winter  Tellus,  2,  50  62 

Eide,  0 , 1944:  On  the  temperature  difference  fietween  mountain 
(>eak  and  free  atmosphere  at  the  same  level  Meteor  Ann  , 
2,  181  20(. 

Miller,  J  I  ,  and  II  I  Mantis,  1947:  Extratropical  cyclogenesis 
n,  the  Pac  da  coastal  region  of  Asia  J.  Meteor  ,  4,  29  34. 

N. inii.es,  J  .  and  P  h  Clapp,  1949:  Confluence  theory  ol  the 
h:gh  ; oip. isphe-ric  jet  stream  J.  Meteor 6,  .130  336. 

Newuhacn  l  \  ,  1922  Hurric  anes  and  tropical  revolving  storms 
t,e,  fhy.  Mem  .  2  21  l  (H 

I1. dnn'n  I  and  C  W  Newon.  1948:  A  study  ol  the  mean  wind 
and  tem|*-r.ct ure  distribution  in  the  vicinity  ol  the  polar 
front  in  winte  r  J  Meteor  ,  5.  220  226. 

Ouc-ney,  P.,  1948  The  problem  of  air  flow  over  mountains;  a 
summary  of  tbeoretn.il  studies.  Hull.  Amer.  meteor.  Sor  , 
29.  16  26 

Srh'-ll,  I  I  .  PM4  Differences  between  temperatures,  humidities 
and  wind,  oil  the  Uhi'c  Mountains  and  in  the  free  air 
/mm  Amer  ge  iphyo  Ininn,  15,  118  124 

Station  k,  I  1951:  \  statistic  al  survey  ol  typhne  ns  and  tropical 
dcpiessions  in  the  western  Pacific  and  China  Sea  area 
from  observations  and  tracks  recorded  at  the  Royal  Ob¬ 
servatory,  Hong  Kong,  (rum  1884  to  1947  Tech  Mem. 
toy.  Obi  Hong  Kong  No  4,  10  pp. 

Thompson,  B  W  ,  1951:  An  essay  on  the  general  circulation  of 
the  atmosphere  over  South-East  Asia  and  the  West  Pacific. 
Quart  J  r  metier.  Sex.,  77,  569  597. 

F  S.  Weather  Bureau,  1949:  Sorthern  hemisphere  sea  level  and 
5 00  millibar  charts  uoth  synoptu  data  tabulations,  Wash¬ 
ington,  F  S  Govt  Printing  Office. 

University  of  Chicago,  Staff  members,  1947-  On  the  general 
circulation  of  the  atmosphere  it.  middle  latitudes.  Bull 
Amer  meteor.  V'c'c .,  28,  255  280. 

Vrukitrshwaran,  S  P  .  1950  Winds  at  10  km  and  above  over 
India  and  its  neighbourh  sid.  Mem  India  meteor  Dept., 
28  55  120 

Yeh,  T.  C  ,  1950  I  hr  circulation  of  the  high  troposphere  over 
(  Inna  m  the  winter  of  1945  46  Tellus,  2,  173  183. 

N  in  M  I  1949-  A  svnoptu  aerologic  study  of  the  onset  of  the 
summer  monsoon  over  India  and  Burma.  J.  Meteor.,  6, 
393  400 


I  -  1 A  7 


252  JOIRNAI.  OF  METKOROLOf.V  Vu.cmf.  12 

THE  COOL-SEASON  TROPICAL  DlSTl’RBANCES  OF  SOI  Til  EAST  ASIA 

fly  S.  Hnmase 

Koval  Oh-wrv.ilory,  Iloilo  Kong' 

(Original  manuscript  iccmed  17  M.iv  1  '>5-1 ;  revised  manuscript  received  M  August  1954) 

ABSTRACT 

During  (lie  rool  season  (November  through  April),  tun  type*  of  tropical  disturbance  occasionally  bring 
rain  to  a  normally  <1  rv  part  of  southeast  Asia.  I  he  area,  t  ndoseil  approximately  between  15  N  ami  25  N, 
anti  95  K  and  120  K,  includes  south  China  and  the  northern  portion-,  of  Indo-Chiua  and  Thailand. 

In  early  winter,  tropical  storms  or  easterly  waves,  moving  westward  to  the  south  of  the  subtropical 
ridge,  innv  cause  sutheient  convergence  north  i  f  the  ridge  to  give  rain. 

I  n  late  w  inter  and  spring,  tropical  troughs  in  the  high-level  (above  400  mb)  southwesterlies  cross  southern 
India  Mining  eastward,  they  link  in  the  region  of  Iturina  with  the  low-latitude  polar  westerlies  further 
north,  then  intensify  and  become  stationary  over  the  Thailand  Indo-China  region.  Fast  of  the  trough  line, 
disturbances  with  extensive  rain  areas  develop  on  the  China  Sea  polar  front. 


1.  Introduction 

In  an  earlier  article  (Ramage,  1*752),  an  analysis 
was  made  of  the  relationship  of  the  general  circulation 
to  normal  weather  for  the  cool  season  (.November 
through  April)  over  southern  Asia  and  the  western 
Pacific  Because  of  great  persistence  of  the  high-level 
pattern,  well-defined  wet  ami  dry  areas  can  be  de¬ 
lineated.  Over  ;in  area  of  about  10s  mi2,  enclosed  ap¬ 
proximately  between  15°N  and  25°.\,  and  95°F  and 
1 20 0 1-2  (fig.  1),  tropospheric  flow  above  4(0  mb  is 
usually  strongly  convergent.  In  compensation,  air  sub¬ 
sides  vigorously  through  the  middle  troposphere  in 
this  area,  and  rain  is  inhibited. 

On  occasion,  subsidence  ceases  and  the  area  experi¬ 
ences  considerable  rain.  This  can  occur  during  tropical- 
storm  or  easterly-wave  situations,  or  when  a  'tropical 

1  This  work  was  completed  at  the  ('Diversity  of  Chicago  during 
tenure  of  a  Commonwealth  F  und  Fellowship. 


trough”  moves  into  the  area  and  intensifies.  Ensuing 
sections  of  this  article  contain  examples  of  these  situa¬ 
tions  as  well  as  tentative  explanations  and  suggestions 
on  forecasting  procedure. 

2.  Data 

l'.  S.  Weather  Bureau  northern-hemisphere  sea- 
level  and  500-mb  charts  and  synoptic  tabulations  com¬ 
prised  the  basic  material  for  the  initial  synoptic  classi¬ 
fication,  which  was  made  for  the  1049  1950  and  1950- 
1951  cool  seasons.  Detail  was  provided  by  6-hourly 
surface  and  upper-level  charts  for  the  Far  Hast,  plotted 
and  analyzed  at  Hong  Kong,  and  by  aircraft  post- 
flight  reports.  Extensive  use  was  made  of  synoptic 
and  rainfall  data  published  by  the  national  weather 
services  of  India,  Thailand,  Indo-China  and  Malaya. 
Observations  from  China  are  lacking  for  these  years; 
but  Chinese  surface  observations  for  the  years  1929 


I'll..  1.  Map  showing  places  mentioned.  Dashed  line  is  10,000-ft  contour  of  land  topography. 
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and  1935,  and  published  data  and  analyses  for  l‘>37 
(Air  Ministry,  Meteorological  Office,  1943),  helped 
complete  the  picture. 

Heterogeneity  of  material  has  made  impossible  uni¬ 
form  presentation  in  the  examples.  A  working  rule 
has  been  to  reproduce  300-ml>  analyses  if  feasible,  or 
otherwise  700-nib  or  surface  anaKses  which  inn  be 
supplemented  by  time  sections. 

In  the  examples,  normal  plotting  proi  educe  has  been 
followed.  Winds  are  in  knots,  one  full  barb  mdii  utmg 
10  kn,  a  triangle  50  kn.  On  the  time  sec  lions,  iodines 
of  24-hr  changes  in  the  heights  of  isobath  surfaces 
are  drawn  from  differences  plotted  in  the  middle  of 
the  interval  over  which  the  change  was  measured 
(I.opf'z,  1948;.  Cienerally  speaking,  this  ensures  that 
zero  isolincs  coincide  more  closely  with  trough  or  ridge 
positions  as  given  by  wind  shifts  than  would  be  the 
case  if  changes  were  plotted  at  either  end  of  the  24-hr 
interval.  Values  of  isolines  and  contours  on  the  time 
sections  and  constant-pressure  charts  arc  given  in 
hundreds  of  feet.  Charts  show  the  position  of  surface 
fronts  and,  by  means  of  stippling,  areas  in  which  rain 
was  observed  in  the  24  hr  previous  to  chart  time. 
Where  possible,  the  upper  limit  of  air  with  relative 
humidity  above  50  per  cent  is  shown  on  the  time 
sections,  to  give  an  indication  of  moisture  distribution. 

3.  Tropical  storms  and  easterly  waves 

By  November,  typical  winter  flow-patterns  have 
been  established  over  south  and  southeast  Asia 
(Ramage,  1952).  In  most  parts  of  the  world,  during 
winter,  the  subtropical  ridge  slopes  equatorward  with 
height  and  usually  reaches  to  within  10  to  12  deg  lat 
of  the  equator  in  the  high  troposphere-.  Over  the  China 
Sea  and  the  Philippines,  however,  the  ridge  axis  above 
700  mb  is  almost  vertical  and  is  found  between  15  and 
17°N.  South  of  the  ridge,  in  the  region  of  deep  easterly 
flow,  disturbances  typical  of  summer  continue  to  be 
observed.  Tropical  storms  or  typhoons  may  persist 
there  for  several  days,  usually  dissipating  when  a 
strong  monsoon  surge  feeds  cold,  dry  surface  air  into 
the  circulation.  Waves  in  the  easterlies  are  not  un¬ 
common.  They  propagate  slowly  westward,  with  low- 
level  divergence  and  fine  weather  ahead,  and  low-level 
convergence  and  precipitation  behind  (Dunn,  1940). 
North  of  the  vertical  ridge  axis,  the  monsoon  is  over- 

l;iin  hy  A  nv  off  or  t  fhnt  storms 

or  easterly  waves  have  on  regions  to  the  north  is  lim¬ 
ited  to  the  lowest  layers.  Nevertheless,  they  often 
cause  sufficient  convergence  in  the  relatively  shallow 
4c.  the  Ttorth  4c  'iifl 

away  as  south  China. 

Riehl  and  Shafer  (1944)  show  that  superposition  on 
a  wave  in  the  easterlies  of  a  trough  in  the  polar  wester¬ 
lies  often  results  in  mutual  intensification.  Certainly 


i  \ni.!  1  Tropical-storm  rla\  -  over  the*  C  hina  Sea 
(IKK4  18%,  IWS  1 f  J  W  and  \W>  l‘M7). 

Month:  Nu\.  I  >ec  Jan  Feb.  Mar.  Apr 

Days:  %  18  *  1  3  4 

wlu'ii  thi<  is  observed  over  south  China  more  rain  is 
evpemmed  than  would  he  expei  ted  from  either  dis- 
tlllbuurc  alone. 

Monthly  variation.  \  tropical-storm  day  is  defined, 
for  present  purposes,  as  a  da\  when  a  tropical  storm 
is  t  entered  over  the  <  bin. i  Sea  between  15  N  and 
25  \  and  we-t  of  120  I!  I  able  1  lists  the  monthly 
totals  of  tropieal-storm  days  for  a  50-vr  period.  From 
November  through  l-'ebru.irv,  the  subtropical  ridge 
aloft  shifts  onlv  slightlv  southward.  Thus,  conditions 
in  tin  middle  and  high  troposphere,  south  of  the  ridge, 
stnv  favorable  for  tropical-storm  development.  How¬ 
ever,  as  the  season  advances,  surges  of  the  winter 
monsoon  extend  farther  southward,  making  surface 
i  ondit  inns  more  and  more  unfavorable  to  storm  devel¬ 
opment  or  persistence.  In  March  and  April,  the  sub¬ 
tropical  ridge  aloft  is  frequently  displaced  soutti  of  its 
normal  winter  position.  Then  the  belt  of  deep  easterlies 
extends  insufficiently  far  north  from  the  equator  to 
allow  development  of  major  circulatory  systems.  East¬ 
erly  waves  are  relatively  more  common  than  storms 
in  mid-winter,  but  they  seldom  produce  rain  in  the 
region  of  extremely  shallow  low-level  easterlies  north 
of  the  subtropical  ridge  aloft. 

Example,  2  to  5  January  1951  (figs.  2  to  6). — On 
30  December  19"0,  a  typhoon  crossed  southern  Luzon 
rm  a  west -northwest  track.  Weakening,  which  began 
at  this  stage,  continued  when  the  storm  moved  out 
across  the  China  Sea,  as  surface  monsoon  air  was  in¬ 
jected  into  the  svstem.  By  1200  OCT  2  January  1951 
(fig.  2),  onlv  a  vestige  of  the  circulation  remained; 
winds  near  the  center  did  not  exceed  25  kn,  and  pres¬ 
sure  rose  over  the  China  Sea  as  a  fresh  surge  of  the 


Fir.  2.  Surface  isoharic  chart  fnr  1200  GCT  2  January  1951 
Daily  positions  of  depression  center  are  shown  at  0000  GCT. 
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moiiMinii  lift;. in  in  allect  I  lit*  .uv.i.  Dospitf  the  weak¬ 
ness  of  tlie  ein  ul.it  inn,  a  trough  extending  north  from 
the  center,  with  <  liar.ieteristies  ol  an  easterly  wave, 
was  sufficient  l\  active  to  give  rain  at  Prat  as  on  the 
.fist  and  1st  I’attle,  lying  just  south  of  the  depression 
track,  recorded  2(>  nun  ol  rain;  and  Hue,  where  the 
disturbance  entered  tin-  lndo-('hina  coast,  recorded 
1(1  mm. 

The  llong  Kong  surface  ohservat ions  (fig.  .1)  clearly 
show  westward  passage  of  the  easterly  trough.  Direc¬ 
tion  of  low-cloud  movement  chunked  from  northeast 
to  east  between  2000  and  2100  GCT  on  the  2nd,  2  hr 
after  minimum  pressure  was  recorded.  Shortly  there¬ 
after,  measurable  precipitation  set  in.  The  passage 
was  accompanied  by  a  veering  of  northeasterly  winds 
below  800  mb  and  a  pressure-height  minimum  (fig.  4). 

Simultaneously  with  the  easterly  trough,  a  well- 
marked  trough  in  the  polar  westerlies  was  approaching 
llong  Kong  from  the  west.  Its  passage  at  the  station 
is  represented  in  fig.  4  by  the  portion  of  the  zero  isoline 
of  pressure-height  change  above  800  mb.  This  isoline, 
and  the  layer  of  maximum  wind  veer  in  the  westerlies 
from  800  to  650  mb  between  the  2nd  and  3rd,  indicate 
that  by  0000  GCT  on  the  3rd  the  trough  line  lay  over 
llong  Kong  at  about  650  mb.  As  is  general  in  this 


1  2  14  5 

Tig.  4.  H»tig  Kong  time-section  for  1  to  5  January  1951. 


region,  where  normal  high-level  flow  is  from  west- 
southwest  rather  than  west,  the  trough  passage  pro¬ 
duced  a  wind  shift  from  south-southwest  to  southwest 
in  the  middle  troposphere  and  from  southwest  to  west 
in  the  high  troposphere.  Rain  started  as  *he  trough 
in  the  upper  troposphere  was  still  approaching,  and 
ceased  with  its  passage  at  approximately  0900  GCT 
on  the  3rd. 

At  Hong  Kong  in  the  lowest  100  to  150  mb,  between 
the  2nd  and  3rd  (fig.  5),  temperatures  fell  an  average 
of  3C  and  humidity  increased.  The  surface  dew-point 
at  Hong  Kong  is  very  sensitive  to  advective  tempera¬ 
ture  changes,  and  since  it  stayed  steady  (fig.  3)  there 
could  have  been  little  intrusion  of  colder  air  from  the 


Fig.  6.  Holograph  plot  of  Hong  Kong  rawin  soundings  for 
0000  GCT  2  January  1951  (full  line)  and  0000  GCT  3  January 
1951  (dashed  line).  Pressure-levels  are  shown  in  hundreds  of 
millibars. 
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north.  The  changes  could  have  been  due  to  ascent,  for 
lifting  of  the  surface  air  present  on  the  2nd  would 
have  resulted  in  predominantly  moist-adiabatic  cool¬ 
ing  (dotted  line  A,  fig.  5)  and  in  an  average  tempera¬ 
ture  in  the  layer  close  to  that  observed  on  the  3rd. 

Above  the  friction  layer,  temperature  changes  from 
the  2nd  to  the  3rd  (fig.  5)  were  in  accord  with  the 
westerly  trough  passage,  but  were  inverse  to  what 
would  be  deduced  from  a  geostrophie  holograph  cal¬ 
culation  (fig.  6).  The  holograph  indicates  that,  at 
0000  GCT  on  the  2nd,  warm  air  was  adverting  up  to 
450  mb.  Since  no  geostrophie  cold-air  advection  was 
present  in  this  layer  24  hr  later,  an  assumption  that 
warm-air  advection  continued  for  the  first  12  hr  of  the 
period  leads  to  the  conclusion  that  a  temperature  rise 
of  at  least  2C  should  have  occurred.  In  fact,  a  fall  of 
2C  was  observed.  Thus,  any  explanation  of  the  change 
in  temperature  and  in  particular  of  the  increased  depth 
of  the  moist  layer  must  take  account  of  vertical  mo¬ 
tion,  if  non-geostrophic  horizontal  advection  may  be 
regarded  as  small.  It  can  be  seen  from  the  dotted  line 
B  in  fig.  5  that,  were  air  from  the  top  of  the  moist 
layer  (700  mb)  on  the  2nd  raised  without  entrainment, 
condensation  would  soon  occur.  Then,  as  cooling  pro¬ 
ceeded  at  the  moist-adiabatic  lapse  rate,  the  air  would 
arrive  at  550  mb  possessing  the  properties  of  the  top 
of  the  moist  layer  on  the  3rd  (although  containing 
slightly  more  moisture).  For  the  24-hr  period,  this 
gives  a  mean  rate  of  ascent  of  about  1.5  cm/sec,  which 
corresponds  to  mean  convergence  of  only  0.5  X  10  5 
see-1  in  the  layer  beneath.  On  the  other  hand,  one 
may  assume  warm-air  advection  did  result  in  a  2C 
rise  in  temperature  before  lifting  started.  In  this  case, 
the  air  would  have  asi ended  as  shown  by  dotted  line  C 
in  fig.  5,  and  between  550  and  500  mb  would  have 
tvat  hwl  tU‘  vi me  lrtnjrr/ktufr  «w  ol^'TMxl  nu  tbr  3rd 
in  this  layer.  One  concludes  that  ascent  of  air  above 
700  mb,  with  or  without  some  prior  warm  advection, 
can  account  for  the  temperature  and  moisture  changes. 

Since  the  air  possessed  no  latent  instability,  lifting 
must  have  been  continuously  applied.  The  moist  layer 
not  only  increased  in  depth  hv  at  least  160  mb,  but 
penetrated  70  mb  above  the  freezing  level.  It  is  thus 
possible  that  ice-crystal  nucleation  materially  assisted 
the  subsequent  development  of  rain.  The  stable  nature 
of  the  lifting  process  is  reflected  in  the  layer-type 
clouds  and  the  steady  rain  (fig.  3).  Frontal  lifting 
cannot  be  postulated  to  explain  the  observed  changes, 
because  humidity  tended  to  decrease  rather  than  in¬ 
crease  through  the  inversion  located  between  920  and 
880  mb. 

Ascending  motions,  as  deduced  in  the  preceding 
discussion,  can  be  related  to  the  coincidence  of  two 
factors  acting  to  produce  convergence  in  the  lower 
troposphere : 


1.  The  tropical  disturbance  to  the  south.  Since  mid- 
December,  a  relatively  steady  monsoon  current  had 
dominated  south  China  and  the  northern  part  of  the 
China  Sea  (fig.  2).  This  current,  part  of  the  circulation 
around  the  continental  anticyclone,  was  of  completely 
different  origin  from  the  ml  air  moving  around  the 
disturbance.  Tropical  air  in  the  easterly  trough  never 
extended  north  of  20°\'.  However,  the  trough  induced 
sufficient  distortion  in  the  easterly  flow  below  800  mb 
over  south  China  ipprcriably  to  affect  the  weather 
l  here. 

1.  The  trough  in  the  westerlies.  If  normal  distribu¬ 
tion  of  convergence  and  divergence  with  respect  to 
the  trough  line  is  assumed,  high-level  divergence  over¬ 
laid  low-level  convergence  as  the  trough  approached 
Hong  Kong.  Ascent  ahead  of  the  westerly  trough  coin¬ 
cided  at  Hong  Kong  with  ascent  in  rear  of  the  easterly 
trough.  Hence,  moist  air  reached  a  greater  depth  than 
would  have  been  possible  hud  this  coincidence  not 
occurred.  Although  the  disturbances  together  pro¬ 
duced  considerable  rain,  separately  they  may  have 
given  little  or  none.  The  example  furnishes  some  in¬ 
sight  into  the  means  by  which  "superposition”  brings 
about  an  increase  in  the  depth  of  the  moist  layer,  and, 
in  many  cases,  an  amplitude  increase  in  the  superposed 
disturbances. 

By  the  4th,  weather  had  improved  at  Hong  Kong. 
The  easterly  trough  was  no  longer  effective,  and  sub- 
sident  warming  behind  the  trough  in  the  westerlies 
had  rapidly  depressed  the  top  of  the  moist  layer 
(fig-  4). 

Forecasting. — Throughout  the  cool  season,  low-level 
flow  acio-s  the  China  Sea  Vias  a  dual  character.  In 
the  north,  it  forms  part  of  the  circulation  around  the 
continental  anticyclone;  in  the  south  i'  is  part  of  tlu 
deep  easterly  stream  of  mT  air  south  of  the  subtropical 
ridge.  In  the  south,  weather  is  typicaliv  fine  ahead  of 
an  easterly  wave  and  unsettled  to  the  rear;  but  in  the 
north,  particularly  if  a  disturbance  in  the  polar  wester¬ 
lies  is  present,  weather  may  become  unsettled  some 
distance  ahead  of  the  trough  line  and  worsen  somewhat 
after  its  passage. 

Over  the  China  Sea,  the  subtropical  ridge  aloft 
seldom  possesses  a  marked  cellular  structure,  and 
storms  moving  westward  on  its  southern  side  normally 
do  not  recurve.  Should  they  do  so,  weakening  is  so 
rapid  that  there  is  little  chance  of  their  retaining  de¬ 
structive  winds  north  of  the  ridge.  Because  of  the 
generally  steady  movement  of  storms  and  waves,  ex¬ 
trapolation  based  on  previous  track  gives  adequate 
results.  However,  storms  in  December  or  January  may 
have  their  westward  progress  across  the  China  Sea 
suddenly  checked  by  a  surge  of  the  northeast  monsoon. 
Movement  is  then  slow  and  erratic,  and  filling  often 
ensues. 
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4.  The  tropical  trough 

III  till'  (Hill  '.IMMIIII,  t\W>  glcal  .ill  'I  IV. nils  dominate 
till'  Upper  llupospllcll'  o\f|-  solltll  .111(1  southeast  Asi.l 
t \ 'cnkitcsliwar.m.  1  '>5(i ;  Ki dcsw .ii.hu  et  a  I,  1  055 )  l  )nc 
stream,  ol  low  latitude  polar  w  ol  ‘i  lies,  skirts  the 
southern  i  in  i  ol  tin-  1 1  in  i.il.i  \  .is,  linn  sw  ff  |  is  c  ,ist  - 
hoi  t lif.i-.t  ,ti  ross  iciiti.il  ( 'liiii. i  .uni  Japan.  I  In-  other 
st  iv. mi  1 1  >|  km  is  to  lie  fi|ii. iiori.il  in  origin.  It  Hows 
Irom  tlif  sun  I  Invest  or  west  -son  t  Invest  across  southern 
India  and  the  I i.i v  of  Bengal,  and  then  with  little 
urrelciution  across  south  (  lima  and  the  l.ooehoos. 
I  lie  two  streams  converge  over  the  northern  portions 
ol  Burma,  Thailand  and  Indo-t  iiina,  and  over  south 
(  Iiina.  It  has  Been  suggested  (Haulage,  1  *>52 )  tli.it  the 
cool  season  ai  idit  >  ol  I  lii'se  count  lies  res,  ts  Irom  com¬ 
pensating  subsidence  and  low-level  divergence  Beneath 
t he  upper  convergence. 

l  ig.  7  lor  0900  tit  r  21  March  1954  typifies  the 
normal  three-dimensional  distribution  of  temperature 
and  wind  prevailing  over  India  and  the  Bay  of  Bengal 
during  winter.  I  liese  charts  show  that  Both  contour 
and  thickness  patterns  above  and  Below  500  mb  differ 
markedlv.  The  trough  near  90°K  is  in  the  same  posi¬ 
tion  as  a  mean  trough  in  the  low-latitude  polar  wester¬ 
lies  (K. un. math. in  and  Kamakrishnan,  10.17),  which 
Yin  (|040i  considers  to  Be  a  reflection  of  the  south¬ 
ward  Bulge  of  the  Himalayas.  Since  the  trough  has  a 
nearly  vertical  axis  and  dies  out  with  height,  it  is  hard 


to  (mined  it  with  existence  of  the  upper  southwester- 
lies.  The  soutlnvesterlics,  at  least  in  the  Indian  region, 
seem  to  Be  a  phenomenon  ol  the  high  troposphere, 
appareutlv  independent  ol  low-level  temperature  dis¬ 
tribution  or  of  surface  topography.  Over  southern 
India,  the  lower  Boundary  ol  the  soutlnvesterlies  lies 
near  400  mb.  Wind  directions  at  that  level  are  ex- 
tremely  variable  (if.  lig.  14),  alternating  rapidly  be¬ 
tween  southwest  and  dir  •(  t ions  similar  to  those  at 
lower  levels. 

Appearance  of  the  tropical  trough.  —An  adequate  ex¬ 
planation  for  the  existence  and  maintenance  of  the 
high-tropospheric  soutlnvesterlies  is  lacking.  However, 
an  attempt  will  Be  made  to  describe  their  occasional 
abrupt  breakdowns,  which  profoundly  affect  the 
weather  of  tropical  southeast  Asia.  Breakdown  occurs 
when  a  trough,  which  may  have  been  stationary  or 
have  developed  over  the  observationallv  blank  Arabian 
Sea,  moves  eastward.  Designated  henceforth  as  a 
“tropical  trough,”  its  eastward  movement  across 
southern  India  can  Be  traced  hv  the  change  in  high- 
level  winds.  Above  500  mb,  there  is  a  sharp  veer  from 
southwest  to  northwest.  At  this  time  the  trough  is  too 
weak  to  have  an  appreciable  effect  either  on  wind  or 
on  the  distribution  of  divergence  below  500  mb,  and 
weather  remains  fair.  The  trough  continues  eastward 
in  the  southwesterly  stream.  When  it  reaches  the 
region  of  the  orographical  trough  near  90°I£,  the  two 


W".  Ill 


Fin.  7.  Charts  for  0900  OCT  21  March  1954.  Top,  left  to  right:  900-mb  contours;  900-  to  'OO-mb  thickness;  700-mb  contours; 
700-  to  5 00-mb  thickness.  Bottom,  left  to  right:  500-nib  contours;  500-  to  300-mb  thickness;  300-mb  contours,  winds  at  400mb 
indicated  by  dashed  arrows. 
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troughs  seem  to  link  After  the  junction,  the  tropical 
trough  is  no  longer  cr.  dined  to  the  relatively  homo¬ 
geneous  southwesterly-.  It  receives  an  inilux  of  colder 
air  from  the  low  latitude  polar  westerlies  and  deepens. 
More  important,  as  a  result  of  this  linkage  it  heroines 
pari  of  the  great  system  of  westerly  winds  sweeping 
across  north  Africa  and  Arabia  and  to  the  south  of 
the  Asiatic  mountain  mass. 

Intensification  anti  slowing  of  the  trough.  As  the 
tropical  trough  progresses,  it  usual  1  \  intensities.  Ahead 
of  the  trough  line,  increased  low-level  convergence 
gives  rain  to  Thailand  and  tndo-(  hina.  In  almost  all 
cases  considered,  the  tropical  trough  intensified  about 
two  days  after  trough  intensificat  ion  in  the  Asia  M  iuor- 
I ran  region,  and  about  one  day  after  strengthening  of 
the  high-level  ridge  over  India.  Such  a  sequence  of 
events  suggests  that  some  form  of  downstream  energy 
dispersion,  similar  to  the  process  outlined  bv  Rossby 
(1*245),  might  have  taken  place. 

Once  over  I  hailand  or  lndo-(  hina,  a  tropical  trough 
may  remain  stationary  for  a  week  or  more.  The  reason 
for  this  may  lie  in  the  long-wave  pattern  of  the  low- 
latitude  polar  westerlies.  A  chart  of  the  mean  5(>0-mb 
topography  for  the  northern  hemisphere  w  inter  tScher- 
hag,  1948)  shows  a  trough  in  the  polar  westerlies  in 
the  Asia  Minor  region,  which  others  (Bolin,  1950; 
Sutcliffe,  1951)  have  concluded  from  orographic.il  and 
thermal  considerations  is  a  lavored  location  foi  a 
long-wave  trough.  It  may  he  that  Thailand  or  Indo- 
i'Kwi  !w  ti  Jr-ism-iWi  firiitd  ,Wi  \lituir  i  distance 
which  usually  approximates  the  stationary  wavelength 
of  long-wave  troughs  along  about  latitude  2()°.\.  Were 
this  so,  a  tropical  trough,  once  linked  with  the  low- 
latitude  polar  westerlies  over  the  Bav  of  Bengal  when 
a  long-wave  trough  lay  across  Asia  Minor,  would 
begin  to  slow'.  Recognized  authorities  (llaurwitz, 
1940;  Betterssen,  1952)  disagree  on  the  correct  for¬ 
mula  for  determination  of  stationary  wavelength  in  a 
current  ot  finite  width.  Consequently,  there  is  no  point 
at  this  stage  in  trying  to  check  the  above  conclusion 
by  calculation. 

When  the  tropical  trough  has  become  stationary 
over  Thailand  or  Indo-China,  the  subtropical  ridge  is 
displaced  5  deg  hit  or  more  south  of  its  usual  position, 
and  the  polar  front  across  the  China  Sea  is  activated. 
Disturbances  with  considerable  rain  areas  extending 
to  the  north  move  east -northeast  along  the  front,  and 
often  develop  into  closed  surface  circulations  near  the 
southern  I.oochoos.  This  activity  results  from  the 
truj  iral  (ruughv  Ivlvjvirr  ««  any  deep  ml#|  (rough  hi 
the  westerlies,  with  high-level  divergence  and  low- 
level  convergence  east  of  the  trough  line.  West  of  the 
trough  line,  fine  weather  and  some  surface  anticyclo¬ 
genesis  result  from  the  high-level  convergence  and  low- 
level  divergence. 

Weakening  and  dissipation  of  the  trough.  -  First  sign 


of  the  eventual  dissipation  of  the  tropical  trough  comes 
with  reappearance  of  the  upper  south  westerlies  over 
southern  India.  Spreading  northeast,  they  re-establish, 
with  the  low-latitude  polar  w  sterhes,  the  normal  pat¬ 
tern  of  high  level  conveigence  in  the  region  of  the 
tropii.il  trough.  The  trough  weakens,  and  the  sub- 
(ropie.il  ridge  moves  northward,  presumably  because 
high  level  divergence  east  ol  the  trough  line  decreases. 

I  he  pol.ii  front  is  also  displaced  north,  and  the  dis¬ 
turbance  track  then  lies  a(  toss  south  (  hina.  Coastal 
arias  to  the  south  exponent c  humid,  cloudy  weather 
but  little  rain.  1  lie  trough  ii-ii.dly  dissipates  in  situ, 
although  it  mav  sometimes  move  eastward  if  the  low- 
latitude  portion  of  an  Asia  Minor  trough  has  alreudv 
started  east.  The  subtropical  ridge  moves  north  to  its 
usual  latitude,  and  weather  returns  to  normal. 

Monthly  variation.  This  situation  occurs  from  three 
to  six  times  in  a  cool  season,  but  has  not  been  observed 
to  develop  much  before  mid-January.  I  tom  then  on, 
it  is  increasingly  common,  being  the  major  rain  pro¬ 
ducer  for  the  dry  belt  in  March  and  April.  The 
mouthlv  variation  in  occurrence  probably  results  from 
increasingly  frequent  breakdowns  in  the  upper  south- 
westerlies  to  the  south  and  west  of  India  as  the  season 
advances.  The  reason  for  this  is  not  known. 

Example,  21  March  to  3  April  1053  (jigs.  7  to  1H)3 
At  the  start  of  the  period,  the  upper  soul hwesterlies 

bioke  doWli  as  a  Uopiial  tTOUgh  mfAH  d  VASlW.iTtl 

across  southern  India.  Idle  trough  became  superposed 

*  Him  mii  IIi  ‘ju'l  Mwjiu‘t-1  VxU.  jilj-sMiii'-ljeiy!  1  if*- 

seldom  sufficiently  accurate  or  dense  to  enable  definitive  pressure- 
nintimr  ainlvses  to  be  made.  Except  for  21  March,  this  was  true 
in  the  period  of  the  example.  Both  contour  and  streamline  analy¬ 
ses  were  made,  and  inconsistencies  between  them  reduced  to  a 
minimum.  The  streamlines  have  been  reproduced,  since  they 
give  a  more  adeipiate  idea  of  How,  especially  south  of  15°N. 
Data  were  insufficient  to  allow  construction  of  charts  at  the 
A00  mb  level  over  the  whole  area.  The  time  discrepancy  between 
the  tOO-  and  700-mb  charts  i-  accounted  for  by  the  fact  that 
observations  over  India  are  nio-t  frequent  at  0900  GCT,  but  over 
the  rest  of  the  area  between  0000  and  (MOO  GCT.  back  of  data 
pi  evented  delineation  of  rain  areas  south  of  10  ’N  and  over  China. 
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on  a  disturbance  in  the  equatorial  easterlies  over  the 
Bay  of  Bengal.  It  had  intensified  by  tile  time  it  reached 
Thailand,  and  at  the  same  time  the  subtropical  ridge 
hail  weakened.  Over  Indo-China,  the  tropical  trough 
absorbed  a  trough  which  had  previously  retrograded 
near  Hong  Kong  and  soon  became  stationary  off  the 
Indo-China  coast,  b'.ast  of  the  trough  line,  depressions 
formed  on  the  China  Sea  polar  front,  and  widespread 


rain  developed.  The  salient  features  of  the  situation 
are  grouped  under  separate  headings: 

The  upper  southwesterlies.  On  21  March  1953  (fig.  7, 
bottom  right),  the  southwesterlies  dominated  southern 
India  and  the  Bay  of  Bengal,  and  converged  with  the 
polar  westerlies  further  north.  The  convergence  zone 
lay  above  the  low-level  subtropical  ridge.  By  the  23rd 
(tig.  8),  a  tropical  trough  had  begun  completely  to 


Fin.  ‘L  Charts  for  25  March  105.?.  Left  :  ?00-mb  flow  for  0000  (JCT.  Right :  700-mb  flow  for  0000  0.?00  OCT.  Double  lines  show  trough 
positions  at  A00  mb,  with  tropical  trough  lying  across  Hay  of  Bengal.  Dashed  arrows  show  4R-hr  movement  of  centers. 


Fn.,  10.  Same  as  fig.  0,  but  for  27  March  105.?,  Tropical  trough  lies  across  Indo-Chitn. 


Fin.  1 1  Same  as  fig.  9,  but  for  20  March  195.?.  Tropical  trough  lies  across  western  part  of  China  Sea. 
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disrupt  the  flow,  which  nave  way  to  an  antiryi  Ionic 
circulation  west  of  the  trough  line.  Not  until  the  29th 
did  the  southwesterlies  rcap[>car  over  southern  India 
(fig.  11,  left).  They  then  extended  steadily  northeast, 
the  chart  for  2  April  19.53  (fig.  13,  left)  showing  them 
once  more  re-estal dished  in  their  usual  area 

The  tropical  trough.  The  trough  which  moved  e.i't 
ward  from  the  Arabian  Sea  on  the  23rd  dig  5)  affected 
winds  only  above  500  mb  over  southern  India  tig  I  t 
It  gave  rain  neither  over  India  nor  at  I'oit  I'.lair, 
which  it  passed  at  1200(i(  I  25  Marth  1951  tig  15 
On  the  26th  at  Port  Blair,  northerK  wind'  lie-hened 
and  spread  to  lower  levels,  indie  iting  that  the  trough 
had  probably  linked  with  the  low-latitude  ucsteiliis 
to  the  north.  By  the  27th,  extensive  rain  over  Thailand 
and  Indo-China  (fig.  10,  right),  and  pressure  height 
falls  and  lowering  of  the  base  of  the  westerlies  at 
Saigon  (fig.  16),  indicated  intensihr.it ion  of  the  trough 
It  was  now  moving  only  slowly  eastward.  The  trough 
line,  accompanied  by  a  veer  in  wind  throughout  the 
troposphere,  passed  east  of  I  long  Kong  on  the  27th 
(fig.  17).J  At  Saigon,  its  passage  early  on  the  28lh 

•The  radiosonde  sounding  at  Itong  Kong  for  (KHM)  (,  T  27 
March  1953  apfiears  defective  above  50(1  mb,  reeoriling  improb¬ 
ably  high  tem|>er.it  tires  (  44C  at  2(H)  mb)  Front  the  wind-. 


produced  a  wind  veer  in  the  middle  troposphere 
Above  400  mb  however,  winds  backed,  then  swung  to 
east  It  seems  that  retrogression  and  possible  dissipa¬ 
tion  occurred  in  the  upper  troposphere  there.  After 
the  27th,  the  tropical  trough  --topped  moving  east  and 
retrograded  west  of  Hong  Kong  below  650  mb  (fig. 
1  7  .  Then  it  stopped  again  and.  sloping  eastward  with 
height,  lav  oriented  southwest-northeast  from  east  of 
eastern  Indo-China  to  the  \hinit\  of  Hong  Kong 
Last  of  the  trough  line,  the  subsidence  inversion  dis- 
.  ppeared.  West  of  the  trough  line,  there  was  subsi¬ 
dence  and  tint  weather.  \t  Saigon,  slackening  of  the 
westerk  flow  i tig.  Hi  signified  that  on  the  29th  the 
trough  was  beginning  to  weaken.  Weakening  contin¬ 
ued  as  the  upper  southwesterlies  spread  northward 
i n< I  the  normal  pattern  ol  high-level  convergence  was 
re-tored  (fig.  13,  left).  The  trough  finally  passed  east 
ol  Hong  Kong  on  the  2nd,  and  weather  there  cleared 
(figs.  1  7  and  IK;. 

the  geostrophtc  advert  ive  tem|HT,tlure  change  lielwtvn  the  2nih 
ami  27th  was  computed.  I  he  tcltl|HT, mires  so  derived  are  incoi- 
l„irated  in  the  isolates  <■  (  pressure-height  rhange  in  tigs  17.  Since 
no  neeount  was  taken  til  temperat lire  ch  Ttge  due  to  vertical 
motion,  it  i-  probable  the  trough  was  more  sharply  defined  than 
-hown. 


Fir,.  12.  Same  as  fie.  9,  but  for  51  March  1953.  Tropical  trough  lies  across  western  part  of  China  .Sea. 


Fig.  13.  Same  as  fig.  9,  but  foe  2  April  1953.  Tropical  trough  lies  across  central  China  Sea. 
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laiergv  transmission  <  >n  tin-  J4l li.  superposition  ol 
low  Mill  It  I  li  It  1 1>‘  III  It  III  lr  troughs  lire  tilled  .ilniu  50  I  '• 
li\  tllriOlli,  (hi1  high-level  ridge  ovei  northern  India 
luil  built  up.  rile  billowing  i l.i v,  development  nl  ,m 
extensive  r.im  area  east  nl  the  tropical  t r< >tiy4 li  line 
(lig  in,  r  in  III  imlieatetl  marked  inleiisilication.  Ill  is 
scc|lience  fan  lie  aeemmteil  In;  liv  downstream  energy 
•  I isj KTsi« m ,  result  inn  trmii  trough  iiitensitie.it  inn  over 
\si. i  Minor  due  to  superposition.  Idle  dispersion  rate 
nl  20  dey;  lony;  per  d  av  agiees  well  w  itli  til  it  calculated 
from  the  formula  lor  25  \  i  Kns«.|i\ .  1  '*45 1,  r j  u  f  1.7 
(/.'■'  .<(>11 1,  wile  re  group  veloeitv,  u  speed  of 

lusie  zonal  eurrent,  L  wavelength  of  long  waves, 
and  the  distance  measurement  is  in  decrees  longitude, 
(her  western  India,  persistent  soutliwesterlies  at  300 


m  t:  r  t:  orology  you  me  12 

mil,  overlying  a  statioiiarv  depression  (tigs.  11  and 
12i,  indicated  the  trough  along  50°K  was  stationary 
and  vigorous.  On  the  31st,  the  low-latitude  portion  of 
the  western  trough  began  moving  across  India  (fig. 
12,  left).  It  was  weakening  and  soon  became  insignifi¬ 
cant  as  an  energy  source. 

The  trough  in  the  polar  westerlies.  On  the  21st,  a 
weak  trough  in  the  low-latitude  westerlies  was  moving 
east  across  northern  India  (tig.  7,  bottom  right).  The 
southern  end  of  the  trough  crossed  I’ort  Blair  at  about 
21(111  (  ■( T  23  March  1  ‘253  (tig.  15),  causing  a  wind 
shift  above  500  mb  but  giving  no  rain.  By  the  25th, 
after  moving  eastward  at  about  25  kn,  the  trough  was 
nearing  Hong  Kong.  Pressure-heights  there  (fig.  17) 
first  fell  and  then  began  to  rise,  although  winds  did 
not  veer.  The  trough  presumably  had  reached  the  /.one 
of  stable  wavelength  relative  to  the  Asia  Minor  trough, 
and  retrograded.  It  was  probably  absorber!  later,  over 
Indo-Chinn,  by  the  approaching  tropical  trough. 

The  subtropical  ridge.  On  the  21st,  the  subtropical 
ridge  at  700  nib  lay  along  19  to  20°N,  showing  negli¬ 
gible  cellular  structure.  By  the  25th  (fig.  9,  right),  it 
had  broken  down  into  cells  over  India  and  east  of  the 


Flu.  15.  INirt  Blair  time-section  fur  23  M.irrh  to  3  April  1953. 


11-156 


JlNF.  1055 


('  S  R  \  M  \  (  '.  I 


261 


I  It ,.  1  7.  1  {mu'  Iv  1  ' .'  I  i  I  '  1  '  '•  !  '  M  lO  il  '  ‘  I  \  i  •  I  si  I’!'  h 


I  Miilippim^.  The  ci  IK  moved  -mitliw.iiil  .n  .•  I  -In  cl. 
as  t  he  irnpit  ll  Iroilch  intensified  I  ii'l  'ici  •  •!  1 1  <  •  •-.  t  r  \ 
is  found  in  the  Saiyon  time-M  i  lion  lie  16  Ai  S.n^m,. 
I  lie  pressiiredieii;hl  rises  . 1 1  miv e  4lll>  Dili.  -I.n  I  ine  >  >n  I  In 
2Kth,  rt  >u  If  I  have  been  i  .ni'-iil  1 1  \  wi.iki  ■mu;;  "I  tin 
tropical  trough  ami  westward  > *v t imi ~i< >i i  ol  ,i  .ill  nt 
the  sulilropical  ridye  <  > 1 1  (lie  2‘iih  hy  11,  liylii  ,t 
tliiril  cell  appcari-il  al  "(Ml  nil.  ov  et  lni|o-(  Inna  P>\ 
tile  .list  (III;.  12,  filth  I  I  (III'  llopii.il  tioni;li  w.is  no 
longer  the  ilomin.nit  leatiire.  All  three  i  ell-.  I i . o I  inti  n 
silled  and  moved  north.  At  the  end  ol  the  sene-  w  ith 
return  of  general  hi^h -lf\ id  t'nnvrrcein  e,  the  »nli. 
tropical  rid^e  once  more  lav  aloni;  I'Mo  2lt  \  In:  1.1, 
riyht  I. 

rile  eipiatorial  disturl  me.  l  or  some  da\s  on  the 
e'piatorw.ird  side  ol  tile  stihtropii.il  ridye,  a  low 
pressure  area  resembling  an  easicrh  wave  had  Ini  n 
moving  slowlv  westward.  <  hi  the  25th  In;.  **,  riyht 
it  was  centered  between  llorneo  and  Malava  At 
Saigon  (tiy.  161,  fresheninj;  and  veering  ol  the  easter¬ 
lies  and  a  positive  pressure-height  c hanye  below  Son 
ml>  indicated  the  low  had  passed  west  of  the  station's 
longitude  liy  the  26th.  ( )n  the  2 7 1 h  (lit;.  10,  riyht  . 


w.~iwii.|  poi. I.--  w.i'  mien  iiptei)  si  >t  1 1  he.  i  s  t  ol  the 
Aodainitis  Iheie  (he  iropi.  d  trmi'ch,  mov  inv  i.ist- 
W  ml  to  the  I  '  ||  I  ll.  tempo!  ,|!  it  .  1 11  '<  .11111'  'UplTpOsed  Oil 
the  lou  sti|.|'^thi"!'ii<  ol  (lie  northeast  winds  aloft  at 
I’m  111. hi  in  1  s  an  I  o|  t lie  southwest  winds  over 
M  a  I  i\  a  tu-  in.  rnlii ,  and  I  ' .  tie  lit  I,  as  well  a'  de- 
\i  lopniect  ol  a  lain  ilea,  are  siyns  that  superposition 
illti  1 1  -It  led  till-  low  between  tile  .’titll  Hid  2‘M  ll  111  this 
i  ,tse.  ,i'  in  the  e  i - 1 e 1 1 w  i\e  example,  a  trouyh  ill  the 
w e»tei lies  I .e.  aim ■  siipri  posed  on  i  ilist url i.tnce  in  the 
easterlies  lllete  w.i-  i  'Irony  ea~t  .northeast  wind 
shear  below  At  in  mb  it  I’oit  lllair  Irom  the  27th  to  the 
loth,  1 1 ii 1 1 <  it  1 1 m  i  "Id  ail  to  the  southeast  Probably 
'llpetposit  ion  resulted  in  cold  air  beiny  led  into  the 
e< piat oi  ial  di'turba in  e  I  In'll ,  w  hen  t hf  t ropii  al  trough 
moved  aw.iv  e.i'tw.iid.  an  extensive  pool  of  ■  ■  d<  1  air 
was  iiit  oil  ~i  nit  Ilea  :  ol  tin-  \ndatllans  In  the  20th, 
the  f list ntl  >. iiit  i  res 1 1 1 1 n-i |  its  westward  movement.  The 
troiiji  liia  rossed  Port  lllair  bet  wee  i  the  .llltli  and 
■list  with  thundershowers  and  a  wind  veer  (tiy.  15b 
while  over  Malava  w  iud'  decreased  tic.  12,  riyht  h 
I  lie  (  lima  lea  polar  trout.  A  colt  I  front  moved 
southeast  .ii  rn"  <  Inna  on  the  24th  and  25th  (ti^;  6, 


l  to  18.  Hong  Kong  meteoroyram  for  2.1  March  to  2  \pril  I <>5.5.  Pressure  is  adjusted  for  iliuriial  variation. 

K a i nf.i]  1  aiiioinils  are  ploMeii  for  1-hr  iniertaK 
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linn  I  i \  we-l  ut  the  (tough  line  dig.  17),  high-level 
i  on  v  ei  gem  i  |  m  cMim.il  >l\  i 1 1 1 1 i  1  •  i 1 1 '< I  i  loud  i  level.  >| >n n- 1 1 1 . 
I  lie  polar  Ironi  tuiiiimicil  a.  live,  .md  Horn;  Kong 
I'\|  let  I.III  I  1 1  three  mule  spells  ut  want)  limit  Mill  mi 
the  JSili,  dtlth  .md  1  >t  dig.  IK  I  hfM'  1 1  ill  end  Iruin 
the  til  l  ~|iell  in  th.it  tin.'  trout  never  tv. ii  lied  the 
-l.it  u  111  at  the  sinl.li'e,  the  Waves  moving  eastward  In 
I  he  -out  ll  1  lie  | ml. if  trout  W.is  also  act  ive  till  t  her  cast  . 
\  wave  deptesston  formed  oil  north  IOiiiio-.i  mi  the 
J 7 1 Ii  i li c  10.  right )  .md  intensified  .is  it  moved  tinrtli- 
e.i-t .  I  lie  trout  lapsed  into  quiescence  .liter  the  tropi- 
i  .il  Hough  niuved  .iw.iv  t-.i-t \v .ltd  on  the  2nd  fig.  17). 

I  hi-  ev.  i  tuple  demon  sir.  ties  t  li.it , .  1 1 1  hough  the  origin 
nl  (topic. il  trough-  i-  unknown,  tliev  (  .in  he  pu  ked  up 
over  India,  anil  their  downstream  movement  and  out¬ 
break  ol  weather  can  lie  followed.  The  tipper  south- 
westerlies  seem  to  he  the  emit  rolling  influence  ;  as  tliev 
break  down,  a  tropical  trough  appears;  with  their 
return,  the  trough  dissipates.  W'liiie  a  tropical  trough 
is  vigorous  it  differs  onlv  in  latitude  from  the  major 
long  wave  troughs  of  middle  latitudes.  The  disturh- 
ances  it  initiates  do  not,  hecause  of  the  low  latitude, 
possess  the  closed  c  in  illations  ot  the  northern  s\  'terns, 
hut  tliev  are  potent  rain  producers  lor  all  that. 

rorrai'.tiui’.  Premonitory  signs  of  a  tropical  trough 
are  i  online* I  to  the  high  troposphere:  an  adequate 
.IOC.  mh  chart  of  the  region,  supplemented  hv  time  sec¬ 
tions,  is  needed  to  detect  it  anil  follow  its  eastward 
movement.  When  the  trough  has  passed  east  of  WK, 
deepening  of  a  trough  over  Asia  Minor,  followed  by 
intensification  of  the  high-level  ridge  over  India,  give 
about  a  24-hr  warning  of  intensification  of  the  tropical 
trough. 

North  of  the  subtropical  ridge,  everywhere  west  of 


the  trough  line,  weather  is  I  rilliantlv  fine.  K.ist  ol  the 
trough  hue.  alter  the  trough  intensities,  rain  develops 
m  tin  polai  I rout  /one.  ll  lliictuutcs  widelv  both  in 
extent  and  inlciisit  v  with  passage  ol  dist  urbances  along 
the  trout.  I  liese  di't  urbaiK  vs  are  most  ivaddv  located 
and  tracked  bv  their  rain  area',  'hue  tliev  mav  cause 
lit  lie  distort  ion  m  t he  east -nort  he.i't  or  northeast  sur¬ 
face  (low  . 

Ive  appeal  .il  ii  v  ol  the  upper  s(  Mil  llW  C'lerlies  over 
southern  India  presages  weakening  ol  the  tlopiial 
trough.  When  t  he  sot  it  hwesterlic'  appnui  h  the  polar 
west  ei  In-'  'mil  h  ol  the  1 1  iin.il. iv  as,  an  iui  re.i'C  in  high- 
level  imivergemv  is  imminent,  and  di"ipai  mu  ol  the 
Hough  should  be  lorec.i't 

I  util  World  W.u  II,  Par  lia-l  -vuoptii  weather 
i  harts  extended  no  Imllier  west  than  west  (  liiiia; 
sill  ''ei | iienl l\  .  some  serv  ices  !n<  re. i'<  (!  coverage  to  in 
■  hide  hidia.  I  ven  that  is  not  enough,  lor  happening - 
m  tin  Neat  I  ..i't  mav  .  bv  mean' ol  euergv  dispersion, 
sigi  ilii-antb.  modifv  lar  b.i'teril  weatllei  within  4K  hr. 

.  b  knt>~tK!,  .  The  writer  wishes  to  re.  on  I  his 

appreciation  ol  the  valuable  advice  and  suggestions 
given  him  bv  I ’ml.  1 1.  Kield. 
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Non-frontal  Crachin  and  the  Cool  Season  Clouds  of  the  China  Seas 

C.  S.  Ramaoe 

Royal  Observatory,  Hong  Kong  * 

Ansi  raci 

'lli  i  rni  Am  of  the  rii.iil.il  unions  of  south  China  and  northern  Indochina  develops  durinp 
tie  coni  season  whenever  relatively  moist  air  is  moled  sufficiently  by  Cofitait  with  the  cold 
coastal  waters  to  lower  it.  rondeioatiou  lever!  hi  low  the  level  of  turlm'ent  mixing  Inter  mensal 
and  diurnal  variati'  n  of  i  tails, n  are  discussed  as  well  as  its  coincidence  with  1  w-lcvcl  winds 
veering  with  height.  Fori  tasting  prmeduii.  arc  listed  <  her  the  China  S 1  a  '  lnyoeil  thi 
i  tarhiri  zone,  convective  rloml  |  tedoniii  ales,  hut  as  -ia  air  tempi  ra.ttre  d.ffe  retires  teadils 
dicrra>e  through  the  latter  part  of  the-  mo!  n im,i.,  cloud  amounts  also  diminish. 


1  \  UN  -  KRn.NTAI.  (  RArillN 

)N  nu>!  (  artnn  (  1930)  define  the 
crnchin  nf  tli*  coastal  regions  of  northern 
Indochina  anil  m  nth  China  as  "  .  a  lm 

mid  period  of  fogs  and  drizzle  or  li^ht  rain  which 
sets  in  at  about  the  time  of  the  normal  annual  tent 
perature  ninimnm,  generally  toward  the  end  of 
January,  ar.d  interrupts  the  dry  season.  .  .  . 
Then,  even  though  temperatures  rise,  the  crachin 
may  persist  into  mid- April  gradually  merging 
with  the  rains  of  the'  rninv  season  proper." 
Crachin,  tile  most  important  bad  weather  regime 
of  the  cool  season,  is  a  low-level  stratus  phenmn 
enon,  most  clearly  marked  in  the  arid  licit  be¬ 
tween  the  jet  stream  center  (28°N)  and  the  sub¬ 
tropical  ridge  fl7°N)  where  indeed  it  predomi 
nates  in  late  winter  and  spring  Though  there 
may  he  prolonged  precipitation,  the  amounts  re¬ 
corded  are  small.  Visibility  is  rapidly  and  seri 
ously  reduced  at  its  onset  and  it  constitutes  the  re¬ 
gion's  greatest  aviation  hazard.  Since  1945  no 
fatal  airline  crashes  in  the  Hong  Kong  area  have 
been  due  to  typhoons  hut  a  proportion  can  be  at¬ 
tributed  to  crachin. 

It  has  been  suggested  that  crachin  may  develop 
in  two  ways: — (!)  As  the  result  of  mixing  of  two 
nearly  saturated  air  masses  along  a  frontal  sur¬ 
face.  Mixing  occurs  only  during  or  after  passage 
of  a  cold  front,  and,  as  Petterssm  (1939)  points 
out,  raises  the  cloud  base  to  near  the  top  of  the 
cold  air  which  is  usually  far  from  saturated, 
l  ifting  of  the  warm  air  may  result  in  precipitation 
and  some  lowering  of  visibility  and  cloud  base, 
but  the  effect  is  usually  short-lived  and  weak. 
(2)  Ry  surface  cooling  of  a  warm  moist  air  mass. 
This  is  almost  always  the  cause  of  the  worst  and 
most  persistent  crachin 

•  This  work  was  completed  at  the  University  of  Chi 
cago  during  tenure  of  a  Commonwealth  Fund  Fellowihip. 


Hither  nf  two  readily  identifiable  synoptic  se 
qui  nces  mnv  be  associated  with  this  n  m  frontal 
crachin  (  hie  which  is  most  important  in  late 
winter,  begins  when  a  continental  anticyclone 
prev  inti'lv  cmi-Hting  nf  polar  continental  air 
mows  eastward  from  the  mainland  Air  r.n  its 
eastern  side  follows  a  track  across  the  warm  wa 
ter.  south  of  lapan  before  swinging  we-t  to  cross 
the  cold  waters  along  the  China  coast  i  Fir,  1). 
There,  rapid  cooling  and  turbulent  mixing  often 
result  in  crachin  development  First,  a  layer  of 
stratus  forms  beneath  1  he  turbulence  inversion. 
Then,  as  the  moisture  content  of  the  incoming 
air  steadily  increases,  the  stratus  builds  down¬ 
ward.  drizzle  sets  jn  and  eventually  sea  fog  may 
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form.  Should  the  anticyclone  center  become  al¬ 
most  stationary  to  the  south  of  Japan,  intense  and 
persistent  craehin  develops  which  can  only  be 
dispersed  by  a  fresh  surge  of  the  monsoon.  The 
other  sequence  which  becomes  increasingly  im- 
portunt  as  spring  advances.  begins,  when  with 
flat  pressure  gradients  over  the  mainland,  a  wedge 
"l  the  I'acilie  anticyclone  extends  across  the  Phil¬ 
ippines  to  (‘him.  1‘lii*  brings  tropical  maritime 
air  to  the  region  Temperature  contrasts  between 
the  adverted  air  and  the  coastal  /one  are  sharp  and 
craehin  often  takes  the  form  of  dense  sea  fog. 
( >ver  land,  as  is  shown  later,  marked  diurnal  vari- 


4  I  * 

Fig.  2.  Situation  of  4-5  February  1952. 


A.  Surface  chart  for  1200  GCT  on  the  5th  Thick  full 
lines  show  trajectories  of  air  reaching  Hong  Kong  at 
0100  GCT  on  the  4th  (I)  and  at  C100  GCT  on  the  5th 
(II).  Daily  position  circles  arc  at  1200  GCT.  Areas  in¬ 
dicated  by  ship  observations  as  having  less  than  3/8ths 
low  cloud,  more  than  6/8ths  cumuliform  low  cloud  and 
more  than  6/8ths  stratiform  low  cluud  are  shown  in  light, 
medium  and  heavy  stippling,  respectively. 

B.  Hong  Kong  rawinsonde  observations  made  at  0100 
GCT  on  the  4th  and  5th  Winds  in  knots ;  one  barb  is 
10  kn.  Relative  humidity  values  are  entered  at  each 
significant  point. 

C.  Variation  in  February  mean  sea- surface  tempera¬ 
ture  along  the  trajectories  I  and  II  shown  in  A. 

D.  Hong  Kong  surfaie  meteorogram  for  the  4;h  and 
5th. 


ation  of  craehin  may  occur,  for  when  the  anticy¬ 
clone  center  lies  far  to  the  east  and  pressure  gradi¬ 
ents  are  slack,  mechanical  turbulence  is  insufficient 
to  counteract  the  effect  of  increasing  temperature 
during  the  day  and  the  stratus  cover  may  be  tem¬ 
porarily  dispersed. 

Non-frontal  craehin  develops  only  in  air  which 
has  first  been  strongly  heated  over  warm  seas 
and  then  cooled  near  the  coast.  As  would  be  ex¬ 
pected  it  is  confined  to  the  coastal  belt  of  cold 
water  (Fig.  2A)  being  seldom  observed  more  than 
100  miles  offshore.  Sverdrup  f  1  *44 5 )  and  Burke 
(  1045)  have  reported  that  air  heated  over  the 
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oceans  usually  attains  a  fairly  stable  surface  rela¬ 
tive  humidity  of  about  SO  percent  after  some  500 
miles  of  sea  track,  and  a  surface  temperature  but 
little  different  from  the  sea  surface  temperature. 
Thus,  through  a  normal  craehin  period  when  tra¬ 
jectories  of  air  reaching  the  coast  swing  progres 
sively  further  southward  over  warmer  and  warmer 
waters,  a  steadily  rising  surface  dew  point  is  oh 
served  along  the  coast.  At  I  long  Kong  this  rate 
usually  amounts  to  about  4F'  in  24  hours  until 
the  dew  point  approaches  to  within  2F  of  the  sea 
temperature.  This  and  the  fact  that  the  dew 
point  varies  little  as  the  air  crosses  the  coastal  wa¬ 
ters  indicates  that  no  significant  condensation  oc¬ 
curs  at  the  surface  until  the  fog  point  is  reached. 
Since  at  the  same  time  the  dry-bull)  temperature 
reacts  rapidly,  falling  to  within  a  degree  or  two 
of  the  sea  temperature,  the  condensation  level 
drops,  reaching  the  level  of  turbulent  mixing,  and 
crachin  forms. 

An  example  demonstrating  the  speed  with  which 
a  synoptic  situation  may  become  favorable  to 
crachin  development  is  illustrated  in  Figure  2. 
It  includes  (A)  the  surface  isobaric  chart  for  1200 
GCT  5  February  1952,  on  which  are  shown  24-hr 
positions  of  the  anticyclone  center,  areas  of  ciiinu- 
liform  and  stratiform  clouds  over  the  sea,  and  the 
trajectories  of  surface  air  reaching  Hong  Kong  at 
approximately  0100  GCT  4  February  (1)  and 
0100  GCT  5  February  (II)  (based  on  winds  ob¬ 
served  by  ships).  The  trajectories  are  timed  to 
coincide  with  rawinsonde  observations  made  at 
that  station,  results  for  the  4th  and  5th  being 
shown  in  B.  In  C  the  variation  in  February  mean 
sea  surface  temperature  along  the  trajectories  is 
shown  and  in  D  the  Hong  Kong  surface  meteoro 
gram  for  the  4th  and  5th  is  plotted.  (Hong  Kong, 
situated  in  the  middle  of  the  crachin  zone,  is  reck¬ 
oned  to  be  a  representative  station.) 

By  1200  GCT  2  February,  a  southeastward 
moving  cold  front  had  crossed  China  and  the 
China  Seas  which  were  dominated  by  a  vigorous 
anticyclone  centered  near  Lake  Baikal,  A  strong 
monsoon  was  blowing  along  the  coast.  The  front 
and  the  anticyclone  continued  southeast,  the  latter 
at  1200  GCT  4  February  being  centered  over 
north  China.  Although  ceilings  at  Hong  Kong 
were  relatively  high  at  first,  the  air  reaching  there 
by  0100  GCT  on  the  4th  had  travelled  across  an 
increasingly  warmer  sea  surface,  relative  humidi¬ 
ties  were  in  the  eighties  and  there  was  considerable 
cloud.  By  0100  GCT  on  the  5th  air  reaching 
Hong  Kong  possessed  a  different  trajectory  from 
the  previous  day,  having  first  crossed  the  western 
section  of  the  warm  Kuroshio  current  and  then 


the  colder  waters.1  This  change  is  reflected  in 
the  Hong  Kong  soundings  by  warmer  air  below 
the  subsidence  inversion  (700  mb)  and  moisture 
concentration  below  a  turbulence  inversion  at  950 
mb.  As  the  anticyclone  continued  to  move  east 
conditions  along  the  coast  became  more  and  more 
favorable  for  crachin  development,  drizzle  setting 
in  at  Hong  Kong  at  0800  GCT  on  the  5th.  By 
1200  GCT  on  the  5th  the  center  of  the  anticyclone 
had  moved  east  to  the  Shantung  peninsula  with  a 
wedge  extending  southeast  toward  the  Marianas, 
and  stratiform  cloud  covered  Chinese  coastal 
waters. 

Simultaneous  observations  during  aircraft  me¬ 
teorological  ascents  at  Hong  Kong  place  the  upper 
limit  of  low-level  turbulence  at  nearly  the  same 
heigh’  as  the  top  of  crachin  cloud,  and  seldom 
above  4000  feet.  Thus  crachin  has  little  direct 
connection  with  the  persistent  subsidence  inver¬ 
sion  observed  throughout  the  cool  season  (Ka.n- 
age,  1952),  for  on  fewer  than  14  percent  of  occa¬ 
sions  does  the  latter  drop  below  5000  feet.  It  is 
usnallv  found  between  7000  and  14,000  feet  and 
the  layer  beneath  it  and  above  the  turbulence  in¬ 
version  is  mostlv  free  of  cloud  (  see  for  example 
Fig.  2B). 

Seasonal  Variation.--Prior  to  1947,  detailed 
low-cloud  observations  were  not  made  in  Hong 
Kong.  However,  since  drizzle  almost  always  and 
fog  frequently,  are  features  of  crachin,  their  vari¬ 
ations  are  typical  of  crachin  variations.  In  No¬ 
vember,  drizzle  is  observed  on  an  average  during 
7  percent  of  all  hourly  intervals  (Tahle  I)  and  in 
March  during  17  percent  of  the  intervals.  Simi¬ 
larly,  on  an  average,  fog  is  recorded  some  time 
during  the  day  on  5  percent  of  November  days 
but  on  no  less  than  28  percent  of  March  days.  In 
Figure  3  are  plotted  5-day  mean  frequencies  of 
sea  temperature  higher  than  air  temperature  as  ob¬ 
served  at  Wagl.an  Island,  a  tiny  precipitous  rock 


Tahle  I.  Drizzle  and  Fog  Frequency  through  the 
Cool  Season  at  Hong  Kong 


Month 

Nov. 

IVc. 

Jan.  j 

Feb. 

Mar. 

Apr. 

Mean  percentage  of 
hours  with  drizzle  in 

each  month  (26  years) 
Mean  percentage  of  days 
with  fog  in  each  month 

/ 

8 

10 

IS 

17 

17 

(60  years) 

f  ! 

7 

1 

18 

28 

25 

1  The  available  observations  for  this  period  indicated 
that  the  actual  distribution  of  sea  surface  temperature 
did  not  differ  significantly  from  the  mean  February 
values 


Vo'..  35,  Xt  S'lUKMIiKK,  l1*.' I 


407 


just  nil  tlic  1  long  Kong  coast  ,  I •  i < ; .  4  '.  ( 'm-  con 
eludes  that  a  cotuiecliou  exist-,  between  tllf  ill 
creasing  ctachiu  frequency  from  January  onward 
and  tile  [U'edi  iinhiance  of  occa  i,,n-  of  .sea  tempera 
tun  heh >w  air  temperature. 

Since  the  Siberian  high  and  the  Aleutian  low 
dominate  cool  season  svno|>tic  patterns,  it  was 
thought  shifts  in  their  mean  monthly  positions 
might  provide  a  clue  to  this  variation  in  erachin, 
hut  these  have  relatively  little  effect,  for  not  only 
are  they  slight  from  month  to  month  hut  the  posi 
lions  and  intensities  of  the  two  centers  of  action 
are  almost  identical  in  November  which  has  a 
minimum  of  erachin  and  in  March  which  lias  a 
maximum  Analyses  of  variations  in  mean 
monthly  storm  frequencies  and  tracks  gave  simi¬ 
larly  negative  results,  hut  on  the  other  hand  the 
steady  westward  extension  of  the  Pacific  anticy¬ 
clone  after  February  contributes  to  the  spring  in 
crease  in  erachin.  C  >n  a  monthly  basis  n.i  very 
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Fiii.  3.  5  day  mean  frequencies  of  sea  temperature 
higher  than  air  temperature  at  Waglan  Island  (1947-52) 
at  05h  and  14h  Hung  Kong  Standard  Time  (GCT  +  8). 
Air  temperatures  obtained  hy  adding  I F '  to  the  screen 
temperature  to  compensate  fur  the  20U  toot  difference  in 
height  between  the  screen  anil  the  sea  surfaci. 

definite  link  between  large  scale  anomalies  in  the 
positions  of  the  main  centers  of  pressure  and 
erachin  frequency  is  noticeable,  probably  because 
the  range  of  locations  of  the  centers  correspond 
mg  to  eraihin  along  the  China  coast  is  so  large 
as  to  be  impossible  to  connect  with  monthly 
anomalies. 

Any  adequate  explanation  of  the  inter-mensal 
variation  must  take  into  account  two  important 
factors.  The  winter  monsoon  established  in  Oc¬ 
tober  with  its  strong  persistent  north  or  north¬ 
east  winds  along  the  China  coast  induces  a  cor¬ 
responding  surface  ocean  current  which  Hows 
steadily  until  February,  transporting  water  from 
Shanghai  to  Hong  Kong  in  about  two  months. 
Though  the  current  weakens  in  February  and  by 
April  is  almost  non  existent  no  significant  cur¬ 
ia  nt  develops  in  the  reverse  direction  and  the 
cold  water  brought  south  earlier  in  the  season 
tends  to  remain  there.  The  other  factor,  and  this 
is  probably  more  important  in  the  Gulf  of  Tonkin, 
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Fu.  4.  Map  of  Hong  Kong  showing  places  mentioned  in 
the  text.  Levels  above  1000  feet  stippled. 


is  the  ocean's  great  heat  capacity  which  causes 
the  sea  surface  to  possess  a  marked  temperature 
lag  relative  to  the  lower  atmosphere.  The  factors 
combine  to  the  following  effect.  Till  the  end  of 
January  steadily  colder  monsoon  bursts  sweep 
across  the  area.  Coastal  waters  cool  but  with  a 
lag  of  almost  a  month.  During  this  period  sur¬ 
face  layers  of  the  atmosphere  are  usually  cooler 
than  the  sea,  convection  develops,  mixing  takes 
place  up  to  the  sul  sidence  inversion  and  low  ceil¬ 
ings  are  rare.  From  the  end  of  January  onward, 
though  air  temperatures  rise,  the  coastal  seas  cool 
still  further  before  beginning  slowly  to  warm  near 
the  end  of  February.  As  the  winter  monsoon 
weakens,  the  sea  is  more  often  colder  than  the  air 
and  erachin  development  is  favored.  In  Figurk 
5  are  plotted  the  variations  of  mean  sea  surface 
temperature  along  the  same  path  (II  of  Fig.  2A) 
for  November  and  March.  It  can  be  seen  that 
identical  synoptic  situations  in  autumn  and  spring 
could  produce  very  different  coastal  weather. 

Diurnal  Variation. — In  the  Hong  Kong  obser¬ 
vations  once  again  variation  of  drizzle  was  con¬ 
sidered  typical  of  erachin  variation.  Royal  Ob¬ 
servatory  mean  hourly  drizzle  frequencies  for 


Fig.  5,  Variations  in  March  and  November  mean  sea- 
surface  temperatures  along  a  path  from  southern  Kyushu 
via  northern  Formosa  to  Hong  Kong. 
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Fig.  6.  Mean  hourly  values  for  March  of  Royal-Ob¬ 
servatory  drizzle  frequency,  screen  temperature,  and  wind 
speed,  and  of  Victoria  Peak  screen  temperature  and  wind 
speed. 

March,  the  most  active  crachin  month  are  plotted 
in  Figure  6  as  well  as  means  of  screen  tempera¬ 
ture  and  wind  speed  for  both  the  Observatory  (100 
feet  above  MSL)  and  Victoria  Peak  (1800  feet 
above  MSL)  (see  Fig.  4).  Drizzle  occurs  least 
often  in  the  afternoon  at  around  the  temperature 
maximum,  but  although  the  temperature  mini¬ 
mum  is  not  reached  until  dawn,  maximum  drizzle 
frequency  is  reached  by  midnight.  This  is  not 
inconsistent,  for  the  Victoria  Peak  winds  show 
that  in  the  cloud  layer  itself,  turbulence  may  also 
be  at  a  maximum  at  midnight.  Unevenness  of 
the  curve  between  midnight  and  dawn  may  be  due 
to  intermittent  development  of  a  land  breeze  with 
perhaps  increased  convection  within  the  cloud  also 
contributing.  It  is  probable  a  sea-breeze  effect 
also  exists  but  the  extremely  uneven  coastline  has 
prevented  its  evaluation. 

Investigation  of  numerous  cases,  besides  con¬ 
firming  the  representativeness  of  the  mean  curves, 
showed  also  that  a  cloud-base  height  curve  would 
closely  parallel  the  drizzle-frequency  curve.  Rapid 
clearances  took  place  when  the  general  wind-flow 
began  to  slacken  before  the  temperature  maximum 
was  reached,  for  then  the  trends  of  mechanical 
turbulence  and  temperature  both  favored  a  de¬ 
crease  in  cloud. 


A  marked  diurnal  variation  of  fog  occurrence 
at  Waglan  Island  with  a  maximum  around  dawn 
and  a  minimum  in  late  afternoon,  just  over  land, 
is  reported  by  Hung  (1951). 

Crachin  Forecasting. — Four  years’  rawin  sound¬ 
ings  made  at  Hong  Kong  showed  crachin  con¬ 
fined  to  those  days  with  net  veer  of  winds  be¬ 
tween  3000  and  7000  feet,  while  6  to  8/8ths  low 
cloud  base  3000  feet  or  lower  was  observed  seven 
times  as  often  with  veering  as  with  backing 
winds.  In  addition,  veering  winds  are  usually  as¬ 
sociated  with  occasions  of  sea  temperature  lower 
than  air  temperature  at  Waglan  Island  (Fig.  7). 
Since  crachin  is  usually  observed  on  the  western 
side  of  a  shallow  high  or  on  the  eastern  side  of  a 
shallow  trough,  veering  winds  would  be  expected 
to  accompany  the  phenomenon  (Fig.  2). 

At  well-equipped  meteorological  centers,  de¬ 
velopment  of  a  crachin  situation  can  best  be  fore¬ 
cast  by  the  use  of  prognostic  trajectories  which 
depend  on  the  accuracy  and  frequency  of  surface 
analyses.  The  insignificance  of  short  period 
changes  in  sea  temperature,  stability  of  the  dew 
point  until  near  saturation  is  reached  and  the  prob¬ 
ability  that  air  over  the  warm  waters  closely  ap¬ 
proximates  the  convectional  model,  make  the 
method  a  practical  one.  Forecasting  dissipation 
is  a  matter  of  timing  the  next  cold  front  passage. 
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Fig.  7.  Frequency  of  veering  winds  from  3000  to 
7000  feet  at  the  Hong  Kong  rawinsonde  station  as  a 
function  of  sea-air  temperature  difference  observed  at 
Waglan  Island  (1949-53  cool  seasons).  Number  of 
observations  in  each  interval  shown  in  italics. 
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Fur  local  for;  fa-ts.  local  parameter--  must  be 
determined  I  lif  "t:il >li*  turbulent  nature  nf  thf 
phenomenon  renders,  it  sensitive  tu  orographic  and 
1 1 1<  1  ■  1  i.i I  inline  no--  and  m  a 1 1  \  hills  legion,  widely 
dillrmil  1  "Ui|ii i, ,||,  in, iv  prevail  I'liU  a  lew  mile-' 
apart  Statistical  •'Indies  utteii  provide  useful  in 
turmatiun  mi  these  \aiiatiuiis.  Again.  the  fact 
ut  ruinc idence  ut  crachin  with  low  level  veering 
winds  mav  he  used  and  tu  this  end  c. ireful  ob¬ 
servations  ut  eluud  muveinent  should  he  made  at 
regular  intervals 

(  111  ships  at  sea  equipped  with  monthly  mean 
sea  surface  temperature  charts,  effective  short- 
period  furecasts  should  he  possible,  using  these 
charts  in  conjunction  with  sea  temperature,  dry- 
hull)  and  dew  point  observations.  As  long  as  sea 
temperature  remains  lumber  than  dry  bull)  tem¬ 
perature  the  risk  of  operationally  had  weather 
from  crachin  is  slight,  F.vcn  without  instruments 
some  assessment  of  piobahle  conditions  can  he 
made  W  oodcock  (  l'l-IO)  from  observations  over 
the  N'orth  Atlantic  of  the  flight  response  of  heir 
iny;  gulls,  reports  that  no  continuous  free  soaring 
was  observed  when  the  sea  surface  temperature 
was  lower  than  the  air  temperature  or  when  the 
surface  wind  exceeded  25  knots.  Birds  accom¬ 
panying  ;i  moving  ship  alternate  between  wing- 
llapping  llight  and  resting  on  the  water,  lie 
concludes  soaring  tlight  is  only  possible  when 
convection  produced  by  surface  heating  occurs. 
(  onsiderahle  use  can  he  made  of  these  facts  by 
mariners  in  the  crachin  zone.  As  long  as  sea 
birds  are  soaring,  crachin  is  unlikely  to  he  en¬ 
countered  for  some  hours  hut  if  the  birds  are  not 
soaring  and  the  ship  is  heading  toward  colder  wa¬ 
ters,  crachin  is  likely. 

2.  t  oot.  Sl  ASoN  Ft.OCIls  OK  Tills  (’HINA  SKAS 

Throughout  this  section,  "along  the  coast''  is 
taken  to  include  the  coast  and  a  100  miles  wide 
strip  of  coastal  waters  extending  from  the  region 
of  Shanghai  to  the  southern  part  of  the  Gulf  of 
Tonkin,  i.e..  the  crachin  zone;  while  the  term  "at 
sea"  einhraci  s  the  remainder  of  the  China  Seas 
south  of  d0  X. 

liver  this  second  area,  although  sea  tempera¬ 
tures  do  fall  slowly  as  the  season  advances,  they 
are  never  more  than  1  to  2F'  below  air  tempera¬ 
tures,  and  for  much  of  the  time,  when  the  sea  is 
in  contact  with  polar  air,  are  considerably  higher. 

Values  of  monthly  mean  cloud  amounts  at  1 c' 
latitude  and  longitude  intersections  for  FBI  to 
I ».1 5  are  published  hv  the  Imperial  Marine  l)h- 
nv.itorv,  Kobe  (l‘M/i.  Though  no  differentia¬ 
tion  is  made  between  low,  middle  and  high  clouds, 


the  observations  are  probably  representative  of 
low  clouds,  which  predominate  in  these  parts  dur 
tug  the  cool  season.  ImiH’kk  S  shows  the  change 
in  mean  amounts  from  December  to  March, 
bln  re  is  little  change  along  the  warm  kuroshio 
vuireiit,  positive  change  along  the  roost  and  nega¬ 
tive  change  elsewhere.  Clouds  ot  sro  are  convec- 
tioiia!  throughout  the  cool  season  hut  amounts 
are  greater  when  sea-air  temperature  differences 
are  greater,  that  is  during  the  early  part  of  the 
season  or  with  vigorous  polar  outbreaks.  As 
Sverdrup  (1*145)  pants  out,  where  the  tempera¬ 
ture  difference  is  small,  clear  skies  are  often  oh 
served.  (  hilv  along  the  roost  do  the  relatively 
lower  spring  sea  temperatures  result  in  more 
cloud,  for  the  reasons  already  given. 

During  the  crachin  season,  an  air  mass  moving 
from  the  northeast  quadrant  is  warmed  ot  sea  and 
cooled  along  the  roost.  One  would  expect  the 
seaward  limits  of  crachin  to  he  sharply  defined 
and  this  is  continued  by  observation.  Hunting 
from  1 1  ’  rothry  in  the  Chino  Seos  (Meteorological 
Office,  l‘G7),  "This  dividing  line  is  often  quite 
well  marked  and  the  state  of  the  sky  as  observed 
on  hoard  a  vessel  proceeding  northward  in  the 
China  Sea  frequently  changes  from  perhaps  less 
than  half  clouded  to  completely  overcast  in  the 
space  of  a  few  hours  when  the  vessel  reaches  a 
position  near  the  20th  parallel." 

Summary  of  Month  to  Month  Changes. — In 
Xoremher  at  the  beginning  of  the  cool  season  the 
Siberian  high  is  established  and  frequent  surges 
of  the  winter  monsoon  pass  over  sea  surfaces  with 


I'n,.  8.  Difference  (March  minus  December)  between 
the  mean  cloud  amounts  of  sprint;  ami  early  winter  over 
the  (  liina  Seas  (FM1-35).  Isolines  in  tenths. 
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temperatures  rather  characteristic  of  late  sum 
mer.  Heating  from  below  is  a  maximum  and 
turbulence  inversions  are  rare.  /Hang  the  const 
polar  continental  outbreaks  give  clear  skies  and 
even  modified  polar  continental  air  has  little 
cloud.  At  sea  vigorous  convection  and  rapid  ad¬ 
dition  of  moisture  to  the  air  make  the  month  a 
cloudy  and  showery  one. 

In  December  the  Siberian  high,  and  the  Aleutian 
low  intensify  and  move  toward  each  other.  Fre¬ 
quency  of  polar  continental  outbreaks  increases 
along  the  coast  but  a  tendency  to  reduced  cloudi¬ 
ness  is  counterbalanced  to  some  extent,  because 
with  sea  temperatures  falling,  modified  polar  con¬ 
tinental  air  is  somewhat  cloudier  than  in  the 
previous  month.  At  sea  there  is  little  change. 

In  January  the  main  centers  of  action  occupy 
the  same  positions  as  in  the  previous  month. 
Along  the  coast  polar  continental  air  is  usually 
cloudless  but  with  temperatures  continuing  to 
fall,  turbulence  cloud  may  form  in  modified  polar 
continental  air.  At  sea  although  the  surface  is 
still  warmer  than  the  air,  the  difference  is  not  so 
great  and  hence  convectional  addition  of  moisture, 
and  cloudiness  are  less  than  in  December. 

In  February  the  Siberian  high  is  rather  weaker 
and  the  Aleutian  low  further  east.  Along  the 
coast  the  sea  is  slightly  colder  than  in  January  and 
with  reduction  in  the  number  of  polar  continental 
outbreaks  and  an  increase  in  the  frequency  of 
modified  polar  continental  incursions,  crachin 
becomes  the  dominant  weather  type  At  sea  con¬ 
vectional  addition  of  moisture  and  hence  cloudi¬ 
ness  further  decrease. 

In  March  the  Siberian  high  and  the  Aleutian 
low.  still  weaker,  are  moving  further  apart,  while 
the  center  of  the  Pacific  high,  almost  stationary 
since  November,  moves  west.  Thus  along  the 
roast  not  only  is  polar  maritime  air  often  observed 
but  tropical  maritime  air  also  appears  and  the 
crachin  intensifies.  At  sea  cloud  continues  to  de¬ 
crease. 

In  April  the  Siberian  high  and  t'le  Aleutian  low 
continue  to  weaken  and  move  apart  while  the  Pa¬ 
cific  high  continues  to  move  west.  Along  the 
coast,  although  tropical  maritime  air  frequently 
appears,  conditions  arc  not  much  different  from 
March,  for  the  increased  power  of  the  sun  more 
often  “burns  off”  the  crachin  than  in  the  previous 
month.  At  sea  cloudiness  reaches  a  minimum. 

3.  Conclusions 

7.  Nori-frontal  crachin  develops  over  the  coast  d 
areas  of  China  and  northern  Indochina  when  rela 


tively  warm  moist  air  is  advected  and  cooled  suffi 
ciently  bv  contact  with  the  surface  to  lower  its 
condensation  level  below  the  level  of  turbulent 
mixing  This  occurs  when  these  areas  lie  under 
the  south  or  southwest  section  of  an  anticyclone 
moving  eastward  to  the  north,  or  under  a  wedge 
which  has  extended  westward  from  the  Pacific 
anticyclone. 

2.  Favorable  conditions  for  crachin  development 
occur  most  often  in  late  winter  and  spring,  for 
during  this  period  the  cold  coastal  waters  arc 
warming  much  more  slowly  than  the  atmosphere, 
and  the  contiast  between  the  two  intensifies. 

J.  Over  rugged  coastal  icrrain.  diurnal  varia¬ 
tion  of  crachin  is  affected  by  the  fact  that  maxi¬ 
mum  turbulence  at  cloud  level  may  occur  around 
midnight  and  this  coincides  with  the  crachin  maxi 
mum.  There  is  a  normal  afternoon  minimum. 
Over  coastal  waters  a  diurnal  variation  also  exists 
with  a  maximum  around  dawn  and  a  minimum  in 
late  afternoon. 

•7.  The  coincidence  of  crachin  with  veering 
winds  between  the  subsidence  inverse  n  and  the 
turbulence  inversion  can  be  accounted  for  by  the 
fact  that  crachin  usually  occurs  west  of  a  shallow 
high  or  east  of  a  shallow  trough.  If  trajectories 
can  be  forecast,  there  is  a  good  chance  of  fore¬ 
casting  development  of  a  crachin  situation,  Local 
topographical  and  thermal  influences  and  wind 
shear  must  also  be  considered,  while  the  relation¬ 
ship  among  sea  surface,  drv-bttlh  and  dew-point 
temperatures  and  even  the  behavior  of  sea  birds 
help  in  making  short  range  crachin  forecasts  at 
sea. 

5.  Reports  such  as  that  of  Larson  f  1 050 J  con¬ 
firm  the  belief  that  winter  time  stratus  of  the  lower 
Atlantic  coast  and  the  Gulf  coast  of  the  United 
States  is  formed  hv  much  the  same  processes  as 
nnn-frontnl  crachin  and  anv  warm  front  theory 
of  its  origin  seems  to  be  unjustified. 

ft.  Over  the  China  Seas  two  distinct  cool-season 
cloud  regimes  can  be  recognLed  The  crachin 
7one  has  a  minimum  of  cloud  in  earlv  winter  and 
a  maximum  in  spring  but  over  the  remainder  of 
the  region  where  sea  temperatures  are  usually 
higher  than  air  temperatures,  convection  cloud 
predominates,  and  since  the  temperature  contrast 
is  greatest  in  earlv  winter,  cloudiness  gradually 
decreases  throughout  the  season 
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Variation  of  Rainfall  Over  South  China  Through  the  Wet  Season 
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I  NTKOIM’CTION 

IN  a  recent  paper  (  Kamage,  1  ‘>5 1  ) .  met  tim, 
was  made  of  a  significant  sccon  larv  inittimtim 
in  Hong  Kong  rainfall.  This  usually  nemrs 
between  4  and  15  July  and  is  revealed  in  the  5 -day 
means  for  60  years.  The  mean  rainfall  for  the 
interval  10  to  14  July  is  35.5  nun  as  compared  with 
70.0  mm  for  30  June  to  4  July  and  KN.5  mm  for 
15  to  19  July.  This  apparent  anomaly  in  the  mid¬ 
dle  of  the  wet  season  marks  the  transition  between 
two  different  types  of  rain  situation.  The  first, 
designated  the  "Mai-U  stream,"  predominates  din¬ 
ing  May  and  June  when  slow-moving  depressions 
in  the  area  hounded  by  Korea,  the  Ryukyu*,  the 
Monins  and  north  Honshu  initiate  convergence 
lines  or  surges  in  the  prevailing  upper  *«iuthwr*tcr 
lies  of  south  China.  The  second  type  is  associated 
with  a  maximum  frequency  of  tropical  storms  in 
the  region  of  south  China  and  lasts  from  mid-July 
to  the  end  of  September. 

The  purpose  of  the  present  paper  t-  (1)  to 
discover  whether  this  secondary  minimum  occurs 
elsewhere  in  smith  China.  ( _’ )  to  attempt  a  gen 
eral  explanation  of  the  normal  inarch  of  rail, fa1! 
over  south  China  during  the  wet  season,  using  5 
day  mean  values,  and  (3)  to  make  some  iunmia* 
on  the  secular  stability  of  the  present  rainfall 
pattern. 

Data 

Five-day  means  of  rainfall  were  extnuted  for 
the  following  places  I  length  of  record  in  paren 
thesis)  :  Hong  Kong  (60  years),  Tainan,  Kosyun 
and  Hokoto  (22  years),  Swatow,  Canton,  i  uug 
chow  and  Fort  Bayard  (15  years),  and  Wuchow 
(5  years)  (see  Fm.  1)  To  reduce  or  eliminate 
minor  deviations,  the  values  were  smooth'd 
by  an  overlapping  method  using  the  formula 
(.!  b  R -t-  C)  3  /J\  where  the  letter*  nprr 

sent  the  precipitation  for  successive  5  clay  inter¬ 


vals,  />’  being  the  amount  for  the  middle  interval 
and  ./  and  C  the  amount  tor  the  intervals  next 
procedii  g  at  d  following  Value*  of  H'  for  Tainan 
(tvpica!  of  south  Formosa),  llong  Kong  (typical 
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I  t'.  I  liemral  map  "f  ana  *lnmmg  places  m<  ntioiii  d 
l  ropn.il  -toinis  i  •  tilt  r<>l  m  An  a  A  usually  give  rain  m 
south  (  In i  a  l  iopiial  s|, .mis  irnti'n-d  in  Area  B  u»u 
ally  I'm  lam  to  «■  uitli  I  run  si 

of  eastern  south  China)  and  Fungi  how  (typical  of 
wi'teti,  south  l  hin.a  )  tn  well  a*  the  mean  curve 
for  all  nine  stations  arc  plotted  in  Figure  2B. 

I’sing  50  years  of  storm  trucks  showing  daih 
positions  of  tenter*  (  Starbuck  I ‘ * 5 1  ) .  the  ntnii 
bn  ot  occasions  in  each  5  <la\  interval  on  whuh 
storms  were  in  a  position  likely  to  give  rain  either 
over  south  China  (  Area  A,  Flo.  1  )  or  south  For¬ 
mosa  l  Area  M.  In.  1  |  wa*  determined,  the  values 
smoothed  and  then  plotted  itt  hioi'Ki-  JM 

1‘lotied  m  l-ioi  to  J  \  arc  tin  n  .  .ms  of  5-dav 
mean  pres*nr<  *  and  rainfall  for  live  stations  in 
the  Mai  l  -tieam  initiating  region  \a/e,  Kua- 
n  oto,  1  okvo,  Mivako  and  ’1  iti/ima 

I  he  tunes  recommended  hv  the  am  ient  Chinese 
farming  calendar.  I  .ooiig  l.ik,  as  suitable  tor  sovv- 
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mt;,  planting  out  and  harvesting  of  the  two  rice  marked  in  other  places  than  in  Hong  Kong.  It 
crops  of  south  C  hina  are  entered  against  the  ap  sets  in  earlier  in  the  west  than  in  the  east  hut  ends 
propriate  dates  mi  hit, no  21!  at  much  the  same  time  everywhere.  When  one 


considers  the  differing  length  of  records  and  the 
considerable  smoothing  it  seems  certain  that  the 
inter -annual  variation  in  the  occurrence  of  this 
drv  spell  must  he  slight. 


Disci  ssuin 

i  summer  minimum  of  rainfall 
south  l  liina.  being  even  more 
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(2)  The  wet  season  may  he  ronven-ently  di¬ 
vided  into  the  following  five  periods,  each  corre- 
sponeling  to  a  certain  normal  distribution  of 
weather  and  press  re  over  southeast  Asia  and  tin- 
western  Pacific 

hirst  period.  March  and  April  I  lie  dyiini 
winter  monsoon  (  >nh  at  this  tine  of  the  \ear 
is  most  of  the  ram  of  truly  frontal  origin,  us  i.tlly 
falling  during  surges  of  the  mon-.oon  Karlv  in  the 
period,  polar  air  replaces  air  of  the  same  origin 
which  has  been  modified  to  a  slightly  greater  ex¬ 
tent  by  a  longer  sea  track.  As  t lie  season  ad 
vances  and  the  seas  to  the  east  and  south  warm 
rapidly,  air  uplifted  along  a  frontal  surface  is 
scarcely  distinguishable  from  tropical  maritime 
air  and  thus  thunderstorms  are  more  Impie-nt  and 
rainfall  increases  steadily  Since  the  predominant 
low-level  flow  is  I',  or  HSK,  the  Formosan  sta¬ 
tions  are  niinli  more  sheltered  than  those  of  south 
China  and  show  no  comparable  increase 

Second  period ,  May  and  June  l  he  Hat  i 
stream  In  late  April  the  winter  high  is  retreat 
ing  northward,  frontal  activity  diminishes  and 
there  is  a  temporary  drop  in  rainfall.  'This  is 
often  of  some  magnitude  hut  as  it  varies  in  time 
from  year  to  year,  the  mean  curves  ate  little 
affected. 

In  early  May  the  summer  heat  low  begins  to 
develop  over  south  and  southwest  (  hina  where  air 
mass  discontinuities  decrease  and  become  insig¬ 
nificant  A  wedge  from  the  Pacific  anticyclone 
extends  to  the  China  Sea  and  in  conjunction  with 
the  heat-low  circulation  maintains  a  broad  deep 
southwesterly  flow  over  south  China. 

Temperature  gradients  to  the  north  are  highly 
favorable  to  cyclogenesis.  Depressions  cross  the 
Pastern  Sea  and  Japan  and  if  one  of  these  shows 
up  or  becomes  stationary  and  the  Pacific  wedge 
retreats  eastward,  zones  of  convergence  develop 
m  a  broad  low  -pressure  trough  in  the  southwesterly 
stream  and  move  upstream,  accompanied  bv  heavy 
rain  These  disturbances  are  usually  upper  level, 
and  only  rarely  do  corresponding  surface  circula 
tions  comprising  more  than  a  single  isobar  appear. 
As  summer  advances,  pressure  and  rail. .all  at  the 
Japanese  stations  reflect  growing  depression  ac¬ 
tivity  in  the  north.  This  coupled  with  more  avail¬ 
able  moisture  results  in  steadily  increasing  rain¬ 
fall  over  south  C  hina. 

Tropical  storms  make  their  appearance  but  are, 
in  general,  ill  developed  and  contribute  little  to 
the  total  rainfall. 

Third  period,  l.ate  June  and  the  first  half  of 
July:  The  mid  summer  dry  spell.  With  the  ad¬ 
vance  of  the  sun  the  Pacific  antics  clone  has  been 
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moving  north  and.  interrupting  the  Bai  U  stream, 
soon  dominates  Japan  and  the  seas  to  the  south 
where  pre'siire  rises  and  rainfall  decreases  I)c- 
I  re-Mons  are  toiced  t  .  the  north  and  there  is  a 
sudden  and  sign i tie  an t  dei  rea-e  in  ram  over  south 
China  Relative  to  the  test  of  south  (  Inna,  tain 
fall  in  the  west  begins  to  decrease  about  a  fortnight 
earlv.  'I  he  we-t  i-  dirceth  influenced  by  the  sum 
mer  heat  low  which  h\  mid  (line  has  developed 
seffu  icntlv  to  in  hue  a  -e-mi  permanent  autiv  vdone 
aloft.  Thus,  over  this  area,  -urges  m  tin*  upper 
southwesterly-  mav  he  prevented  from  developing 
or  he-  eli-fle-i  te-ei 

Although  tin-  i, umbel  o!  tropieal  storms  uni 
tunics  to  im  n-asc.  the-v  bv  m  means  make-  up  the 
rainfall  defn  ii-m  > .  for  then  important!'  a-  pro 
dm  i - r  s  of  earlv  summer  ram  is  small  relative  to  tin 
Bat  l  ’  stream. 

Lout  lit  period  Mid -July  to  early  thtoher 
the  typhoon  season  The-  pressure  sv stems  con 
tinne-  advancing  north,  with  the  zone  of  maximum 
typhoon  frcipicncv  (called  bv  .serine  the  Inte-r- 
tropK.al  C  onve  rge  nee  i  renvhing  south  China  at 
the-  beginning  of  the-  pe-riml.  Not  only  does  the 
number  of  tropical  storms  iiicre-a.se-  rapidly,  but  a 
high  proportion  are-  major  tvphoons  which  have 
fortne-el  over  the  (  arnline-s.  l-.arher  in  the  sum¬ 
mer  such  storms  usually  re-eutve  before  reaching 
the  China  Sea,  ihivv  the-v  travel  WNW  ter  the 
C  hina  coast.  Thus  rainfall  usually  reaches  a 
maximum  in  the  'ccuncl  half  of  July. 

The-  mtertropic  e onvergcnce-  continues  nort 
w.irel,  anil  in  early  \ugust  pressttre  in  the  Japa 
nese  an  a  reavhe-s  its  lowe-st  point  ami  a  secondary 
rainfall  maximum  occurs.  (  )ver  south  China  a 
sei  emdary  storm  minimum  anil  a  sharp  de-crease  in 
rainfall  incur 

The  intertropic  e onvergcnce  shortly  begins  to 
follow  the  sun  eepiatorward  anil  moving  across 
south  China  m  late  August  i-  accompanied  by  a 
se-condary  tropieal  storm  maximum  This  is  re¬ 
flected  by  the  rainfall  but  rather  less  than  might 
have  been  expecteel  By  this  time  the  heat  low  of 
southwest  China  has  almost  elisappeared  and 
tropical  storms  as  the-v  approach  the  China  coast 
tend  to  initiate  surface  surges  of  cool  dry  polar- 
continental  air  which  on  entering  a  storm  circula¬ 
tion  invariably  causes  the  rain  to  diminish. 

Ltftli  period.  Larly  (htober  to  end  of  Novem¬ 
ber.  The  winter  monsoon.  High  pressure  is 
now  estahlislu-el  over  China  and  the-  <lr\  N’K  nuin 
soon  blows  with  great  pe-rsi-tence  along  the  China 
coast.  I'ropival  storms  take  a  much  more  southerly 
track  across  the  China  Sea  ami  rainfall  eiecreases 
abruptly  Typhoons  forming  in  the  Carolines 
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n<  i  ■  1 1 1*  •  i  <  utiinr  i.ij.i'IK  ai.il  p.m-mg  across  the 
1 . 1 1 i u  c  ait'ii  lui'iiiul  : i  ■  r  the  - i-i'<  -m l.i r minimum 
"l  presMtic  mi'!  secondary  m.i'iinmii  "I  run  fall 
h'rneil  there. 

t  )  1' r;u lit i< mi  lia>-  it  that  in  2254  the 

i  hnir-e  1 S 1 1 •. j >< •  i « i r  V.m  gave  Mi-lers  to  his  ns 
timimuers  t"  i-'t.il ■h.'.h  the  MiUtues  ami  ami  equi¬ 
noxes  aii'l  in ~t r u*t  tanners  mi  the  iim-t  t'avur- 
alili  time'  1 1  - 1  ngl  U  tlltlira!  npctatimis.  Ill  ahnnt 
2I!<>  It  (  .  smith  (  lima  was  conquered  In  the  (  h'ill 
d\  nasty  and  f>>r  the  lii'l  tune  was  ui.nle  part  of  a 
mulct!  (  lima.  I  lie  existing  tanners’  lalemlar  wtis 
a|i|  lif!  to  this  region,  ami.  apart  from  corrections 
"i  minor  ett"ts  made  m  the  17th  centmy  to  bring 
it  into  lim  with  mole  act  urate  Western  asttmimni- 
,i I  t '.Ides,  has  not  heeii  changed  .since.  Its  close 
agreement  with  the  raiuiall  t  urves,  t-s;  eciallv  the 
■  i  'iiu'idetiee  ol  the  1 1 r s t  har\  i  st  w  it h  the  t  ml  of  the 
inn!  Mimim  r  tin  spell,  suggests  that  in  historical 
times  tiver  south  (  liir.a,  little  change  has  taken 
plat  e  not  mil)  hi  the  march  of  rainfall  in  the  j; row¬ 
ing  season  Imt  aho  in  the  amount,  for  much  varia¬ 
tion  from  present  values  would  make  the  growing 
of  two  crops  of  rice  a  year  most  difficult. 

I  his  deduction  apparcntlv  contradicts  ('hit 
tl'L’ti)  and  lirooks  (  I')4'h.  who  quotes  (hit's 
futures  for  the  dry  and  wet  periods  of  China  since 


iiOO  \.l).  ;ts  paralleling  major  Ihictuations  in 
western  Asia.  However,  since  74'!  of  the 
droughts  and  75‘  I  of  the  Hoods  listed  In  Chit  oc- 
t  until  in  pr  cilices  north  of  the  Yangtze  River  anti 
observations  from  smith  China  were  almost  non¬ 
existent,  his  conclusions  cannot  he  considered  valid 
for  this  region. 


Al  KN'OVV'I.I  tX'.MKNTS 

The  writer  wishes  to  record  his  appreciation  of 
the  helpful  advice  given  him  by  Mr.  G.  S.  I’. 
I  le.  wood.  Director  of  the  Royal  (  Miservatory  .  I  le 
is  also  indebted  to  Col.  V.  R.  Htirkhardt  and  Mr. 
lx.  lx.  I  lung  for  supplying  information  on  the 
Chinese  farmers’  calendar. 
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DllRNAE  VARIATION  OF  SI  MMER  RAINFALL  OVER 
EAST  CHINA,  KOREA  AND  JAPAN 


tty  S.  Hnmnci- 

K  <  •  v  ,il  1  H»  -4  r\  .<  i « •:  \ .  H«  *u^  K<  >r  ^ 

Origin. il  ni.tniiM  ript  rr<  ti\ t*<i  II  |ul\  I  ^  I  .  rc*\  n  >1  nuni'*  r  <pi  n*(ii\r«l  7  j.m.i,  .  i  *>'1 


\h-l  \<  \(  I 

Owr  r.i  **t  (liin.i,  K<»rt.i  « n«  ]  l.ipin  i'iiiimV  \  <i  :i*ii  M  r. Mnf.il!  luring  t  h « •  'iimimr  ■  1 1  •  n  1 1 1 1  -  <  >i  M.n  to 

XiiW'iM  i'  i.uK/nl  rin-*  rfiM‘*n  i-  <1-  •:  i  Itn  1 T  .|  .  ,  «i  i  •  -  ■  .iwl  i~  tu:,i*i  i«»  h.iw  .i  in  -i  ’im>  in.i\iitiiiin 

u  1 1  h ,  if  till'  Ini  ,|t  loll  i-»  f.i\  nr. i  Mr  ill  .i  f  l«  r  m  >«  I.  m.i  M'liim  i>  a*  II 

I  lir  1 1 nil  1  <*«  1  \  ri  In  .)|  r\li  nl  •  I  t  In  in*  :i  « «•  »ti  i  n  «  .  i.«  1 .«  l  .«  u  •  M  .t  -  l.i<  k  "f  I  nr  I  niIi'ii.  r  f  i  v .  u  I  hr  .rlvi'i  hull 

nf  \\  .If  111  ,11/  .t  I  In\|  li'U'K  Ih-Iv\  ri'li  ITIH  Inu'il!  .11!'  I  I  •  r  I  In  -  i  i  i-r  w  i<  Ir  -'|  »rr,r  I  •  »Vrf  I II  r  mil;:  .  m  'HUM  M  v  r 

i  ln|j» | -  i|r \ i  !< ip.  i  iili.iimn  irniu  fin  i«.p-  tin  j  -« <•>--  tin J  .1  in-  riling  r .t nP.ill  m  1  Mimini  r.  ill •>  I  lu> 

II  ^11, ll  I  \  IHI  Ills  .|t  "I  lirlnn  il.lUli  Hil.iinl  .III'I  111  li'Mipi  1, III  I-'.I  ’ll  Ir^inli*.  Mil  '•<•mrvsll.it  ,ilt*l  <l,ivsn  ill 
impit.il  «>i  'iil*tmpi«  .il  1  n.i  t.il  it  ,M'*i 

I  111'  .it  Iff  f  I « .1  >11  II  l.l  Milium  1  '  «!t|r  T .  .  |  I  Mi\  ft  1  l<  II  pit  •<!>:«  n  |  I  \  If  1.11  "  llr.ll  '  Mv, 

So  MMiniliii^  ir^iMii-  'lnm  nn  •  i<  li  m.irknl  p.tMrm 


I  Introduction 

\-  t.u  ,i'  1 .111  In-  1 1. ■  1  < -1  in  1  n< -•  I .  Inti.  .in.  on. >n  his 

In  .'ll  u  I  \  ell  III  I  111  i;cni;i,i|>lli<  .il  dls|  i  ihtt  I  ion  "I  '■nil  1 1  IHI 
illlllll.il  1. mil. ill  |  >.l  1 1 .  'I  llr.  nx  r  I  c.lsl  \si.i  \nmnu  liirtr- 
uinli'uM'  •  t  x.iuim  . i''*u tu | iIiimi  c\i'i'  th.it .  ml. m  l.  .1 

siltulr  1 . 1  III  l.l  II- 1 .1  1!  ..it  ;||'  ihllitlu  lllc  .iltrllliH.il  m' 
rarlx  ixrmtlu  .1'  .1  n-'illt  Ilf  rnlivc  tloll  1, Ilis.  it  |.\ 
lllt.'llsr  sill  I.  II  r  lir.it  inp.  XX  1 1  lit'  oil  lllr  .  n.isl  1  ||r  |.,it  In  I! 
I  rip  Is  in  hr  mi  nr  1 1  mi)  >|r\ .  with  |mssil.|\  mmmnu 
max  r  l  i  inn .  I  hr  .  .1  llsr  < >1  w  III.  I)  is  ol.si  in  r 

'•i i .  1 1  ,i  nmnimu  maximum  mi  nis  in  limit;  Kmiu. 
.uni  is  1 1 *1  li *\\ i-« I  I.  ,i  m.irkril  ininimimi  in  tin-  rxrimiu 

i  tic  1  I  III  till'  lUlll'sr  III  .1  prllrr.il  s|||  \  rX  nl  stmilllrr 
I '  ni'i  .ml  me  "\ri  siniili  (  hill, i  '  lv .  1 1 1  i.iu< ' .  I'm  I.  ii  xx. is 
ihiiiiphi  i Irsii . 1 1 .|r  in  ilisi.ixn  hnxx  tar  inl.iml  this 
.issimiril  i  (Ms  l.i  |  rlli  i  I  i  A 1 1  IP  Is.  \s  xx  ,1'  r\|iri  lid,  <  .ill 
lull,  ‘Ml  IHI  lip  lllr  IV. Ill  IxlXrr  I  I'l  >111  I  1 1  >1 1 C  Knllw 
show  nl  I  >nt  h  inni  n  incn  in  I  .ill  mu  ion  m.ixnii.i .  I  hr  I.  it  trr 
hrinn  l.ni;ri.  W'lirti,  hoxxrxrr,  llrnu'illi;,  t 'Itanu'ha. 
(  h. mil'  ll  .i  <1  W  nrli. mu.  .ill  more  ill. m  .It Ml  mi  Itmn 
lllr  sr.i,  xxrrr  found  In  h.ivr  iloilhlr  maxima  ,is  xx i •  1  i . 
xxilli  lllr  ninrninu  <>nr  .is  siunifuani  .is  llonu  Kunu 


I  n.  I  \  ilmri  ,il  x.iri.ilimi  nf  nir, in  nu  nit  hi  \  summer  ram 
fall  at  Hong  K'iiiu  II;  |hti outage  ili-lril>iit inn  nf  ram  [hthhIs 
Is'uiimiliU  in  a  ui'i  Imur  al  llmiu  Kiiiik 


It  hi'iiilr  ,  >f  >x  |,  ill  -  ill. It  illlt'lll  n  1 1  . 1  s  xx  i  >l  1 1. 1  h.ixr  In 
hr  trx i  < I 

I  n  i h si  nxri  .  li  pnssililr.  <hr  hunts  nf  this  ii'uinil  nl 
I’lniinnu  III.IMIIIIIIII.  .ill  .  1 X  .  1 1 1 . 1 1 1 1 1 '  Immlx  ,  t  lirrr-llniu  I  X' 

■  ni'i  Imir  Immlx  sunmiri  t. mil. ill  .ixrraurs  fnr  (liin.i, 
Km r.i .  Japan  .iipI  llir  snrrniuiilmu  islands  xxrrr  rnl- 
Iri  tr'l  ill'l  plntlnl  \s  \\|||  I  «•  rxidrlll,  siu  111  111. ill  I 
p.illi  III'  .Ini  .ippr.ii.  Inr  xxllii  h  a  pnssililr  iAplan.ll  mil 

IS  s||^ur  .li  d 

2.  Data 

111  this  IIIX  rsl  iu.ll  mil .  Sinilllirl  is  I  niisidrird  to  111'  tllr 
months  Wax  in  \uuiM,  mihisix.-  I  oral  standard 
timr  is  iisrd  tlnnuulmiil 

''IIP  r  lr\x  I  n  <  •!  d  ■  I'l  ill  Hi  Hal  1 1  ri|i|r|p  x  nl  i  am  tall  air 
axailahlr.  lllr  xaliatinil  nl  railllall  aiilnlllll  xx.is  ,ma- 
lx  /nl  I  nl  s|,it  imis  nl  isri  x  illu  hot  ii  In  mi  lx  ll'ripirlli  irs 
and  a  it  mull  s.  .  m  Ms  pint  trd  l"l  I  ml  h  x  ai  lahlrs  sip  i\x  rd 
lln  s.nnr  .  h.n ai  Iri  ist p allhniiull  hx  tismy  anmimts 
ihr  siuiiilp  up  r  nl  tin  a  1 1 « ■  1 1  n  n  >n  niaxinmm  at  inland 
stations  I-  shulillx  xa.i^u*-! .ilrd 

l  llr  nlisrrx  itions  arr  nf  thrri  kinds 

I  Ihairlx .  in  I'lr  la  liT'i  i  l.i"  '1.0  li  Hi'. 

I  Inn  li. hit  lx  .  ill. nir  1 1\  . lul  l  l.i"  (  liinr'i'  -la I  mil' . 

<  Imir  ImiiiK  .  in. ole  l.x  'is  .mil  i  la"  lapaui-'r  -tat'.nir 

Wllrin  xrr  pnssililr,  al  Ir  isl  tlxr  xrats  nf  trrnrds 
xxrrr  used  diri.uisr  nl  ch.murs.  nnl  ahxaxs  the  s.nilr 
lixr  xr.nsl,  slim  in  jH'imds  hrinu  nidp  alrd  hx  small 
mmihrl  s  hrsidr  I  hr  s(.,t  l(  in-  ,  mil  ilrd  liu 

I  hr  rltrct  n|  smulr.  shai  p  lirax  \  tails  nn  (hr  Immlx 
xaliirs  xxas  mmimi/rd  hx  iisniu  tlnrr  limn  lx  rinmmu 

lllr. Ills. 

In  llonu  Kmiu.  a  smulr  d.nlx  inr.in  ma\niunn  nl 
rainfall  mrurs  hrlxxrrn  dSUll  and  lltlll.  and  is  nf  an 
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M  K  r  KOKOI  <m;  V  \iiu  mi  «) 

3.  Discussion 

In  lit.  2.  certain  I n< >. i< I  i;eni;raphifnl  patterns  ol 
distrilnition  .lie  apparent 

I  /-.in,1  (Vim,;.  :h--  1  >//<».,-•  .Siii  u’liKlIinr  i mil  Kyushu  Mi; 
mtir.mi  1 1 «i  11  j iil;  iii.i \ iimitii ;  ^i^mlu  . t n t  ul  let  iimni  mm\i 
mum  i n Li t m  1  .uni  .il  omc  t  o.i  i.il  -i.it  mu-. 

*  A."  :  (>\‘lnihn^  th<  .c* id/'/),  Honshu  •/*/</  Shikoku. 

I  <  Ni^miic.mi  iimi n  11*14  in.* \iniiiiii ;  -i^nihc.int  .ttfn 
noon  m.iMimmi  ml.md 

'  Mil  hi  ini’  t<i  ,nui  no*  [ft  Jo  (uni  I .  t  ( l  lc  ■  Inn  n,i  I  \  .n  *.it  imi. 

I  I  s/ii  to! s  lhr  m  \[  i niil  south  of  ( 'h nut  and  J<i(>tni.  I.c-s 
•'icmln.mi  i.mdom  jmHitm. 

>  /’.j*/  of  fhr  i  is!  i, u is!  of  K oft’ii,  soulhnisf  Honshu  md 

n>r[hr»n  I'omiosii  Sul » - . i r« ■. i ^  with  a  ^renter  undents 
t o\s , i j < | -  ,ui  .ii  utiiouii  m.iMiiiuiu  than  (licit  Miri oundin*m 

A  it’ii. s  l  i mil  J.  1  In-  stations  in  .ire. i  1,  .mil  tn  ,i 
lf.N>  in. ii  kfil  decree  iIionc  ill  .iif. i  2  (except  Ini  slili- 
. tie. in  \  .mil  It,  tii;.  2i,  li.ive  .i  HKirnint  maximum  nl 
i. uni. ill,  irrespect i\ e  nl  whether  tliex  are  on  the  coast 
m  inland.  siiue  nnsiileralile  ilnulit  lias  lieen  easi  nn 
till-  \  ali>  li  t  x  nl  llienliee  pn|i|ll.lll\  held  cnilfcp1  '' 
radiation  Imm  the  top  nl  a  cloud  lavci  at  n  i 

ereases  the  lapse  rate  and  sn  pminotes  i-m  . ■  ■  1 1 

Means.  I'U  I  ' ,  it  is  neeess.it  \  (nseeksoim  nil  .  alls 
Ini  lliis  <  list  til  Hit  i<  Ml.  Il  seems  reasn  ti.  suppose 

that  sin  Ii  miilnnnitv  splines  Imm  <i  si  ale,  per¬ 
sistent  cause  with  limits  |  1  \  ..meidini;  will) 

those  nl  these  areas,  I'll  uiiedi.tielv  su^ests  the 
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dominating  sumnuT-monsoon  of  the  region,  particu¬ 
larly  since  distribution  of  diurnal-variation  patterns 
for  the  other  seasons  was  found  to  be  completely 
haphazard.  Significantly,  5000-  and  1 0,000-1 1  daily 
flow  harts  for  the  Far  Hast  indicate  that  the  boundary 
seen  areas  1  and  2  and  area  4  lies  in  a  transitional 

me,  with  southerly  or  southwesterly  monsoon  to  the 
north  and  the  western  portion  of  the  North  Pacific 
anticyclone  to  the  south.  There  are,  of  course,  day- 
to-day  fluctuations,  but  the  monsoon  rarclv  extends 
as  far  as  Formosa  and  the  l.ooehoos,  and  when  the 
Pacific  high  intensifies  siiflie'ently  to  dominate  south 
(  hin.i  and  Japan,  subsidence  inbibits  precipitation. 

Meeker  and  Andre  (1051),  discussing  the  not  turnal 
maximum  of  precipitation  over  the  midwcstmi  I  nited 
States,  aver  that  topography  is  important.  They  sug¬ 
gest  that  cooling  and  heating  processes  during  the 
night  and  day ',  caused  by  the  (list  ri but  ion  ol  mountains 
and  plains,  set  up  a  large-scale  circulation  system  east 
of  the  Rockies,  resulting  in  convergence  over  the  plains 
at  night  and  divergence  during  the  day.  Their  argu¬ 
ment  is  well  developed  and  seems  to  account  adequately 
for  summer  conditions.  However,  it  would  be  equally 
applicable  to  other  seasons  when  this  particular  geo¬ 
graphical  distribution  of  precipitation  does  not  obtain. 

Means  f I ‘>44) ,  dealing  with  the  same  topic,  thinks 
that  increased  advert  ion  of  warm  air  between  2000 
and  8000  ft  can  result  in  nocturnal  showers  over  the 
midwestern  l 'nited  States.  Though  producing  no  de¬ 
tailed  argument,  he  considers  that  the  western  moun¬ 
tains  and  plateau  region  of  America  and  the  Arizona 
heat-low  play  a  significant  part  in  causing  such  advcc- 
tio”  It  is  noteworthy  that  areas  t  a nd  ?  ocmpv  the 
same  position  relative  to  a  more  intense  heat  low  and 
to  the  vast  mountain  and  plateau  expanse  of  west 
( 'hina  and  Tibet  To  check  the  apphcahilif  \  of  Means* 
theory  to  this  region,  upper-air  soundings  are  neces¬ 
sary.  Unfortunately,  in  area  1,  where  the  morning 
maximum  is  most  pronounced,  data  arc  available  from 
only  I  long  Kong  and  Kagoshima.  Despite  the  broken 
nature  of  the  records,  it  ap[K\irs  that  at  both  places 
advection  of  warm  air  below  1  (),()()()  ft  occurs  more 
frequently  in  the  early  morning  than  in  the  afternoon. 

A  heat  low  and  the  monsoon  circulation  i;  produces 
are  of  limited  vertical  extent  .and  may,  es|>eciallv  when 
turbulence  is  at  a  minimum,  restrict  warm-air  advec¬ 
tion  to  the  lower  layers.  The  fact  that  area  2,  further 
from  the  main  heat  low  than  area  1,  shows  similar  but 
less  marked  diurnal  variations,  supports  this  view, 
(iceman  meteorologists  (e.g.,  Sprung,  1885)  have  long 
recognized  the  trend  towards  night  rains  during  the 
summer  monsoon.  More  recently,  Indian  authors  ( Ivi  r 
and  l)ass,  1046;  her  and  /afar,  1046;  Nar.isimham 
and  / afar,  I'M?;  Kamaswamy  and  Suryanaray.uiu, 
1050)  have  remarked  that  in  their  country  the  wcll- 
dclined  afternoon  rainfall  peak  of  the  pre-monsoon  hot 
period  becomes  very  much  less  pronounced,  or  is  even 


replaced  l>\  a  morning  maximum  (kamaswamy  and 
Sun  anaravana,  1050)  dining  the  summer  monsoon. 
For  example,  Narasimh.un  and  /afar  M  047) ,  analyzing 
the  rainfall  of  Poona,  sav: 

Iht*  rh.u  .utci  i-l  ic  Ir.tlnn*  nl  lilt*  diurn.il  variation  of 
rainlall  i  •  a  rnarkt-d  int  rcasr  in  thr  .iitrrn'*on  hour  -  of 
ImiiIi  tin*  rainlall  art»*>ittf *  ami  imimmui-.x  of  rainfall  in  .ill 
tin*  in'*nf,m  '*\<rpt  Juk  .iml  Vnpi  t  vvlirn  'hr  monsoon  i~. 
MIOUK- 

I'lie  idea  that  the  summer-monsoon  circulation  is 
the  main  <  out i  ii mtorv  i.iusc  of  the  rain  distribution 
observed  in  areas  1  and  2  is  not  inconsistent  wall 
Means'  or  with  Meeker  and  Andre's  theories. 

(  om par  is. in  ol  lig.  I  ( t  \  pi.  . 1 1  of  the  t  mpie.il  or  sub- 
tropie.il  <  o.isia!  talioiis  ol  areas  I  and  1)  with  the 
i  ot responding  .  urves  |.  >i  >  hiiah.i  (  Means,  1  014  )  reveals 
that,  although  dir  percentage  distributions  of  rain 
thunderstorm  petiods  beginning  in  a  given  hour  for 
the  two  stations  are  significantly  similar,  maximum 
preeipit  at  ion  oe<  urs  4  to  5  hr  later  at  Hong  Ixong  than 
at  Omaha.  Similarly.  10  of  the  16  tropica!  and  sub¬ 
tropical  coastal  stations  ol  southeast  China  and  south 
Japan  have  maxima  between  0700  and  1000.  ( )n  the 
other  hand,  none  of  the  21  other  stations  in  areas  I 
and  2  have  maxima  later  than  0700,  and  14  of  them 
have  pre  dawn  maxima 

Drank  (1024)  and  Palmer  (1040)  state  that,  in  Indo¬ 
nesia  and  the  Solomon  Islands,  a  post-dawn  increase 
in  precipitation  occurs  along  the  coast,  especially  if 
the  hinterland  is  rugged  Palmer  gives  the  billowing 
explanation : 

At  night  the  him!  Iiree/c  ('.ills.''  the  clouds  to  Iniihl  off¬ 
shore  and  (Mrlicnl.iilv  in  the  channels.  \  slight  shift  in  the 
mud  dire,  lion  ..round  dawn  or  even  ihe  sea  breeze  may 
bring  the  cloud  inland  producing  morning  shower-  along 
ihe  coa-Us. 

It  Is  mi >st  eifdikfJy.  in  ww  of  httf  high  tmjtirrtfv  -nt 

rain  periods  commencing  well  before  dawn,  that  this 
mechanism  is  the  prime  cause  of  the  morning  maxi¬ 
mum  in  the  coastal  regions  under  consideration,  hut 
it  is  probable  that  onset  ot  the  sea-breeze  convergence, 
occulting  when  the  air  is  already  unstable  and  highly 
charged  with  moisture,  results  in  intensification  of  the 
rain  and  its  prolongation  for  some  time  after  the 
nocturnal  effect  has  diminished. 

Most  probably,  the  afternoon  maximum  is  due  to 
normal  coined ioiul  development  as  a  result  of  intense 
sin laee-beal ing  oxer  land.  The  more  marked  maxima 
ol  area  1  relative  to  area  2  can  thus  lie  explained  in 
terms  ol  its  greater  continent. ility. 

Near  the  coast,  alternoon  showers  seem  to  form 
inland  lust  and  then  drift  seaward.  For  instance,  when 
alternoon  showers  occui  at  I  long  Kong,  they  fall  from 
clouds  which  haxe  drilled  ovei  from  further  inland. 
The  I  use  is  usiiallv  above  5000  It.  The  extremely 
irregular  coast  line  ot  die  colon v  makes  detection  of  a 
surl. ice  sea  breeze  component  impossible,  but  never¬ 
theless  there  must  be  ,t  considerable  landward  flow 
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during  tin-  .tliriiiiMin  I  i t-\  . . I  1 0 .tS )  Immi!  th.it. 

i iv i*i  llir  \i*.n-  I')''  in  I'li,  .ii  llnii'j  Komi,’ .  nu*. m 
I  l  **- 1 1 1 1 .  i  II I  Vllld-  'I  -I  It  It  I  it  lot  ill'  *.1111)1111*1  1 1  it  >i  1 1  ii 
-Ill'Urd  III'  I  i  *.  I  -111  "ti  ll"*'  I  !  1 1  •  *>  Ill'll  'll  I  \\  i‘i*l!  mill  IIIIU’ 

,iii>  I  .it  In  ii""ii  .i-  It'll'  ■  *.\  M.i\  '(i  .  |imt*.  .'1  ,  1 1 1 1  \  , 

(til '  V  i.'ii't  S'!  I  lii  .r  .  1 1 . 1 1 mi  .  .ii t  nil!  irn ; .  i >11  mum 
.  1 1 1 1  ■  r  1 1  *  i  ilo  •  hi  1 1  ■  1 1 1  t .  i  ■  i  1 1  ,i  it  ii  in ,  "i  i  -In  i|  i*  |.\  .in 
, it  If,  II’ I’ 'll  1 1  •  >  a  It  Mil  II  l  II  |  In-  I'lttl'iiiK 

I  I  )  i  J  "‘II  .ill'll.  'll  I  Ii . .  -I  -  "t  till  tV"  .I!'*  I-,  -llltl  I  II  U  — 

lilt*  n  | ',  "  i  It *\  t  !  i  i'I-Iu  n  i*  *  i  hi  1 1  M  nit *ii  I  1 1 1  I  In*  -t  iliit  i  /t* 
■  hi  ul. i  "ii  ,:m*  I 't  ii  .  it-ii  t  K  1 1 1 . 1 1  i- 1  •  I .  ii  1 1  tin  lii  it  hi— 

.ii  i*  1  .  \  ■  ii  ililt*.  Ii-  i  it  I  \  It  i  l  hi*  i  i  i.i-l  -lii  m  ft  -  «  Irn  Ii  h.i\  t* 
1 1 II  ;  l  If  I  -t  ||IH*  I  ll-l  .1 1 1 .  I*  111  Li  I II I  I-  .1  1 1  —1 1 1 1  lit  .  it  1 1*1  111  II  ill 

1 1 hi \  i .  i  hi  It  tin-  i  rt  iii  ii  i  Ii  it t  i L it  -  iii it  i It *\ t  It >] i  -uili 

t  it  *i  1 1 1  \  .  llii'li  mot  mug  -1 1 1 1\\  t  i  -  1 1 .  i  \  til-;  niitt*  i  t  *.  i  — t*t  I , 

I  lift  t*  i  -  lit  I  It*  i  1 1. 1 1  It  t*  i'l  |  it  t*t  1 1  ul.  it  mil  .hi  'll.;  I  In*  .iu-1 

until  till*  Ii  illnu  III.,  ini'll  , 

I  I  "til  til'-  'll  .1  1 1  -  li.ll.  I  1 1  lilt  II.  1 1  I  nil  lull  \  .11  I.  It  loll 

Hindi*!  i-  -uggr-lt'd  I"1  i'  I  mid  .’ 

1  \ i". i if !  midnight.  ii'n  i  i!’i  luiiiiili'iit  rltcri- ol  alter 

ll""ll  lit*  1 1 1 1  u*  It. l\i*  iltr.l  -1. "i  II,  ualtll  lilt  ti  - 1  illllnw  It-lltl- 
I"  t"  I  "llll*  I  hill  tit  III 'll  l'l*l  H  1*1*11  I  III*  -III  1 .11  t*  .Ill'l  till'  ll|l|"T 

tin  i  il  "I  I  *it*  iii"ii  ""ii  in.  I  1 1 1  "i  I  lii-l.ilulii  \  .mi  l  v\  it  It*  - 

.j'lr  i<l  ■ii*.cl\  M'liii.t!  1 1 1 .  ■*  0  it  lt*\  fit  tp  ( 'Inin  I-  I  •  trill. 
ii< ii  ill v  mi  1 1 1 1 1 "ilfii i  I  in  t -.  .uni  ii/  .'/to  p  ‘itfr.itli.ttitm.il 

. ’mg  i ,  ,n  |||,.  )..(,..  in  -)  mi  ...ml  i, ,  i  It  *  r.  i  it*  tl'-vrli  ip- 

II.'  lit  |l  till*  .11  .ll*"lt*  I-  t  IIM'llll"ll.lll\  llll't.ll'll',  1  H'f.t 

-i. 'i'il  l  1'iftk  l  In  .  i'u.' h  in. I.  .t  -uttii  ii  nt  in  'i-t ill'*  i> 

,n  1 1  t.i  i .  It  * .  I.i  t*i  "i  V  in  I  \,  l  ini  r.i ;  titl !  \  K.iin  -t*i  * 

in  I'fi*  In1  II,  "Ill'll  t  1 1  "iiiim;  t  nut  inn.  m-  .,nil  uidr 
-pir.nl  .mil  il -i  i.i  It  v  irathing  ,1  m.i  v  inn  I  ill  .it  m  1  .t  *t  ■  irt* 

■  I. mu  i'iI.iii'I  .mil  in  tin*  it*  ti  !  i .  I "  1 1  iim  inn  i  1  '  "r  I  hi 

.it  I t*t  1 1  iu  il  .lit me  1 1"|  lit  .il  -iil'l  I  "pir.il  t  ".i-l  *, 

.'  \\  it  Ii  -nni  i-f,  t  In*  t*  \p.ni-i*  "I  l.t*.  ft  rt  1 1  l"ii'  I  .ili-"il>-  roli  i 
t  uni.  -I  1 1 >il it  \  -ptr.nl- 1 low  itw , i f  I  - .  tin*  <*  1"! H I  "Inn ii- "It," 

.uni  t  In*  I.i  111  iliiiiiiii-llr- 

<  /''/iiii/  \ 1 1 1  r  tin  t  !i"nl  ! it i  .ik  .  llir -nrl.it  i*  lir.il- t'.ipi'lh* 

.nr  I  in  Tlii.it  .it  tn  ii  ""II  i  '  m\  rrl  lull  ruliiiin.it  r-  ill  .■  -rt  inn  I 
I.  lint,  ill  in  iMiiliini  l"*lMt*rii  I -till  .uni  I'M  HI  Vtlrr  -iiii-t'i. 
t  It  tut  i  •  tli-pt'i-r  "inr  linin',  un.1  t  -rruiiil  ininiiiiiini 
nfriii-  .ii  i  in  in  I  mi<  I  ii  iv;  Ii  t .  On  thr  n  "i>.‘.*  Il  ti"  "ll-lnir 
ilntt  -rt  in,  tin*  i  I"  m  I  i  *"iil  in  in*-  to  di  -ip  Ur  tin  "in' hi  nu 
tin*  .(tin  II  ""11,  .III' I  I.I  I  III  ill  I  r  II  hr-  a  iiiiiiiiiiiiin  in  r.irlv 
evening 

Tin*  ilomiil.illt  li-.it  mi*  t-  thr  morning  maximum. 
Iht*  ,iltt*i  noi'ii  n  1. 1  \  im  1 1  m .  .  il  ( lit  mil:  It  in  |>I.ki*s  giving 

ItlOtf  I.IIII.  I-  .ill  Hlri  I  -iljifl  illl|to-rtl  1 1  \  lot.il  it  >■  t  .mil 
1 1 1|  n  >gt  .i|  Ii  v  , 

1  N’if  i  lilt*  diitltt.il  \  ilt.lltoll  l-  t  \  |  ili'.il  "I  Inn 

I  nt  .it  i*  Lit  it  i  nlr-  itid  1 1  1 1  it  it  r-  im  t  oiiii  tun  I . 

.In,:  I  I  In*  dltllll.il  \  ili.ilioll  |>.it  tn  i)  i-  Hl-lLliill- 
i.illl  ,|M'I  i  "til  I  i  -rt  I  II  It  I-  lilt*  -.llllr  po-llioll  Illative 
to  till*  \  1 1 1  til  I  ’.u  lit!  .ill  1 1 1  '  Il  'lit*  I-  til*  —i  'lit  llr.l— tiTIl 
I’  tut  t  I  st.itr,  |,  >  tip.  \  i  ti  1 1 1  A 1 1  hi  t  u  .nit  ii  v  i  lone,  mit  I 
-itml  it  l\  drtnoti-t  t  .iir-  tin*  -tn. ill  \ .  d  ttr  ol  tin*  not 
tllttl.il  I  ltlt.il  toil  I  1 1 1  *t  1 1  \  .1-  .  i  |  >|  >1  II  *l  I  I"  I  ( >  •(  Mi  .  1 1  t't  -tilt* 

I I  "pi.  ill".*  m-  M  L'-iit*i  .tl 

,S  /, 't  i ;  r  In  tin*  uuidu.ud  ol  i\nli  ot  these 

-til". nt*. i-  It"-  i  1 1 1 . i — - 1 \  <  i mi  Mtn  i  1 1 n  It  irt  ift *.  t  It t*i  1 1\ t*l\ 
t  lit  tint;  ott  mu  t;  mi -I  \\  m  in  nt  ,  n  K  t*i  t  ton  tn  l  Ik*  eat  l\ 


morning,  hut  acting  as  an  ideal  source  ol  afternoon 
-Innvcrs  wliicli  have  little  trouhle  moving  seawartls 
untlrr  tin*  t  omhined  influence  ol  tin*  general  flow  and 
tin*  uppt-r  iftnniing  st*a-lirt*e/t*  eompnnenl.  It  isoh\i 
oil-  that  a  tlfti-iT  network  ol  oh-ervations  could  well 
tesult  in  tin*  diseoverv  ol  other  small,  anomalous 
legion-  to  the  leeu.ud  ol  mountain  ranges. 

4.  Conclusions 

I  Iht*  tliiiin.il  v.tri.ui"ii  "I  -iiiiimi'r  i.iiiifall  nvrr  r.i-t 
(  liiii.i.  knir.i  .uni  Japan  -rein-  I"  In*  ilrtrrtiiiiu't!  Ii\*  t lu¬ 
ll  n  tn-oiiii.il  r iiriil.it  inn  ul  I  he  region.  I  hi-  proltahlv  rr-ult- 
in  i in  1 1 . i  — 1-< I  iinrtiirii.il  lnu-trvr!  .nlvrt  t inn  nt  tv.irm  .tit 
ti  it  Ii .  rntnliinrt!  with  i.mIi.u  ifii.il  cooling  (.mil.  on  tin* 
i  ".i-l.  ii  i I li  llir  iniivriiirnt  in-lnur  ot  thr  -r.eh  ee/c  full- 
\  rigmi  id,  prodnei*- a  mnniing  prrripilal  lonuiiavillHim  An 
.it  Iri  n.,"ii  lii.tiiiin  nil  ilrvrl.  ip-  int.i  n<  I  in  thr  niinii.il  Mat, 

I  Ik  t  "iiet  i  -r  i-  tint  m*t  r--.ini v  i t  in*,  —int  i*  nimning  maxima 
tltt  "iriir  in  t*\ 1 1 .i -im m-iit tii.il  region-  I'  in.iv  lit*  that  in 
main  "I  ihr-r  ta-r-  (a-  Neumann  (|95|)  ha-  -hnwn  Inr 
tin*  ra-tt'rn  Mflilrnanran)  local  topngraphv  t-  an  impor¬ 
tant  larliir 

2.  No  riplan.it I"M  ha-  lirrn  tniini!  Im*  uli.it  mil- 1  In*  a 
ron-idrr.d'lc  ilinrn.il  variation  ill  both  thr  -ptnl  of  Him 
and  rttrrtii rnr—  "(  channelling  "t  tin*  Harm  air  Mirro- 
-vnopiit*  in\t*-tig.Uinn-  midrrlakrn  rithrr  in  India  "r  thr 
I "  n  iiftl  St. i  It*-  mav  profit  It*  a  -"I'll  ion. 

d  Ihimial  di-mlnii ion  over  thr  -im  arra-  to  llu*  smith 
.  i  *  it  1  rat  suggr-t-  that,  although  inn  tiirnal  radiation  from 
i  loud  top-  mav  a— i-t  in  imnisitying  convection  om*r 
-tartrd,  a  prim*  ami  iloinin.uing  ag<*ni  y  nm-t  oprrati*  to 
pioilai'r  thr  initial  in-tatnlilv  and  cloud  cover. 

At'knffiriedtiment.  -The  writer  wishes  to  record  Ins 
. 1 1 >| >ri*<*i.i l ii n i  id  the  helpful  advice  given  him  by  Mr. 
I..  Starlntek,  Assist. ml  Pircctor  of  the  Royal  Ob¬ 
servatory. 
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